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PREFACE 


The main purpose in the preparation of this 
volume has been to convey a working knowledge of 
ophthalmic optics to students and practitioners. A 
number of excellent books have been written on 
ophthalmic optics, but the presentation, as a rule, is 
of such a character that it does not appeal to the 
average student of ophthalmology. I have tried to 
construct a system that can be followed by one hav- 
ing only an elementary knowledge of mathematics; 
but a system which is scientifically correct, and not 
inconsistent with thoroughness. I hope I have suc- 
ceeded. 

This book is the outgrowth of my not 
the combined lecture and laboratory 
Graduate School of Medicine of t 


niversity of 


Pennsylvania. ~ 

The works of Clay, Glazeb ok) aughton, Ganot, 
Carhart, Prentice, Southall, ath, Sheard, Young, 
Helmholtz, Donders, Lan¢@p]t, von Rohr, Tscherning, 
Gullstrand, Howe, J Dn, Zentmayer, Laurance, 
Jackson, Duane, HAS and others have been freely 
used, either witlh(OmWithout variation. Care has been 
taken to inc only that part of the subject which 
concerns ogh}ialmology. 


ROŽ are made as simple as possible and 
neariN ways supplemented by experiments or ex- 
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amples. Some of the diagrams are original, others 
have been taken from various sources, but more or 
less modified. Uniform notations are used through- 
out. 

I wish to take this opportunity of expressing my 
sincere appreciation to Drs. G. E. de Schweinitz, T. 
B. Holloway and F. H. Adler for their interest, en- 
couragement and help. 
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CHAP RR: 
INTRODUCTION. 


Media. Substances such as air, water and glass, 
which are permeable to light and through which 
objects can be distinctly seen, are spoken of as 
optical media and are said to be transparent. A 
medium such as ground glass or thin paper, through 
which light is partially or irregularly transmitted, so 
that distinct vision cannot be obtained, is called 
translucent. A body through which light cannot 
pass is opaque. When light enters an opaque medium 
it is said to be absorbed by it. 

No medium allows all light-rays to pass ehun, 
nor does any medium totally absorb all ight. 
As the thickness of a transparent body gréreases, the 
percentage of light that can pass tl OCH decreases. 
A thin sheet of water is ey but very little 
light reaches the bottom of On the other 
hand, a film of metal can aade transparent by 
sufficiently reducing its tines. The terms trans- 
parent and opaque, th e, are only relative. 

Media having i ical optical properties at all 
points are calle mogeneous or tsotropic; those 
having differ properties at different points are 
called heter@y 1eOus. 

Pro aktion of Light. By the wave theory, light 
is saiN be propagated through the luminiferous 
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= 


ether from point to point by undulations or waves. 
In a homogeneous transparent medium these wave- 
surfaces or wave-fronts are true spheres and the 
normals to these surfaces are straight lines. The 
straight lines are called rays and a collection of 
rays is called a pencil. In a homogeneous trans- 
parent medium light travels in straight lines. 


EXPERIMENT. Pinhole Camera. Make a hole 
about one millimeter in diameter in a large sheet of 
cardboard or other opaque material. Place an illu- 
minated object in front of the sheet so that the light 
falls directly on the aperture. If a ground-glass 
screen be placed behind the aperture there will be 
formed on the screen an inverted image of the 
luminous object. Vary the distance between the 
screen and the hole and note the in xe or de- 
crease in the size of the image. ox. becomes 
larger in proportion as the dist O Oi the scrocima 
from the hole is increased REAS) distance of the 
object from the hole is dimi . The shape of the 
opening, if small enough, foes not affect the shape of 
the image. Two openisgs will form two images, 
but if they are i Qeether the images will over- 
lap and be blun f the opening is large only a 
diffused area @)™ erate will be seen, because 
of the overldpging and blurring of the many images. 
This is © principle of the camera obscura or pin- 
hole gxrera invented by Porta. The only explana- 
RNY the phenomenon is that light travels in 


Gu lines. 
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One line of direction, representing a ray or a very 
narrow pencil of light from a point A (Figure 1), 
passes through the opening and forms an image of 
this point at A’. Another ray passes from B to 
form an image at B’. Similar lines may be drawn ` 


Figure 1. 


from every point of the object to form an inverted 
image on the screen. 


Shadows. If an opaque body is placed yee 
a source of light and a screen, the lig annot 


R 


S 


penetrate into the spac mediately behind the body 
and a shadow will bNsst on the screen. This shadow 
is geometrically(sytilar to the opaque body—an- 
other proof piche rectilinear propagation of light. 
If the sqgm@é of illumination is a point (L, Figure 
2) and aC pherical body, O, be placed between it 
and aN een, by passing a straight line through L 


Figure 
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and tangentially around O, a circle will be traced on 
the screen within which no light will fall. This space 
is called the umbra. 

If the source of light were a sphere instead of 
a point there would be a true shadow or umbra in 


Figure 3. 


the space U (Figure 3), surrounded by an area of 
partial shadow, P, which receives some light from 
parts of the luminous object L. If an eye were placed 
in this region only a part of the object could be 
seen. This partial shadow is called the ee 


xs 


© 
Owr: sof E' 


EN 


Paralla hen two objects are placed one be- | 
hind oe aer the farthest object will appear to 


mo exGelatively to the other, in the same direction 
RNS taken by the observer. 


Figure 4. 
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If A and B (Figure 4) be two objects, and an 
observer placed at E, the two objects will appear 
as one because they are superimposed. When the 
observer moves to the right B appears to move in 
the same direction, and A will be to the left of B. 
If the eye is placed at E” the relation changes, so 
that A appears to the right of B. The parallactic 
displacement becomes greater as the distance be- 
tween the two objects increases; when there is no 
displacement the two objects must lie in the same 
plane. The phenomenon of parallax is still another 
proof of the rectilinear propagation of light. 

The method of parallax is very often the only 
means of locating the position of an object in rela- 
tion to that of another, hence it is very important 
that it be thoroughly understood. 

Light Pencils. Let L (Figure 5) N point 
source of light in an isotropic transpar medium. 
The light travels in concentric sg] ‘al waves, 
whose directions are indicated He ae to the 
wave-surfaces. These radii g! urvature, called 
rays, travel in all directions fr@yL. In reality there 
are no rays: they merely @jve as lines of direction 
of the light waves. A ction or pencil of rays, 
DLD, usually takes orm of a cone. The central 
ray, AL, LB, is fald the axis or chief ray of the 
pencil. When dhe rays travel from the vertex of 
the cone the aiil is said to be divergent, and when 
they trą aQwards the vertex it is said to be con- 
ver genN he point where the rays meet, L, is called 
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a focus. The positive (+) sign will be used here- 
after for convergent and the negative (—) sign 
for divergent light pencils which have been reflected 
or refracted. The opposite signs will be used for 
incident pencils. 

In the diagram (Figure 5) it will be seen that 
the inner circle, representing the wave having trav- 
elled the least distance from L and having the small- 


5 
4 
3 
D 2 D' 
A DE na : Se om soe 
GiB =a [Es esis a B 
D D’ 
Figure 5. gs 


est radius, has the greatest st yoMi of curvature. 
As the wave travels farth ov L its wave-front 
loses in curvature and Ka 
a distance of six meteyxer more, it may be consid- 
ered plane; the ee they are perpendicular to 
the wave-front, then considered parallel. A 
pencil of parą rays is sometimes called a beam. 
Rays of rein a distant object, although prac- 
tically , Resa el, are actually divergent and form a 
cone. 

Qe power of the wave is the reciprocal of the 
Wie from the focus, L, and if this distance is 


in strength until, at 
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measured in meters the power may be expressed in 
diopters. 

— = D 

d 
where D represents diopters, and d the distance in 
meters of the wave from the focus. 

For example, if the distance is 1 meter, the power: 
is expressed by 14 meter or 1 D; if the distance is 
4 meters, the power is 1⁄4 meter or 14 D, which is 
usually expressed in decimals and written 0.25 D. 
If the distance is half a meter, the power equals 1/.5 
meter or 2 D; if a tenth of a meter, it is 1/.49 meter 
or 10 D; increasing until, at the focus, the power is 
infinitely great. 


CHAPTER IF 


REFLECTION AT PLANE SURFACES. 


Laws of Reflection. When a ray of light strikes 
a smoothly polished surface it will be regularly re- 
flected according to certain definite laws. 

Let LL® (Figure 6) represent an incident ray 
of light striking a polished surface, SS, at a point O. 


S S S 


eS 

: Figure 6. xO 
The normal to the sur Q this point forms an 
angle with LL’ which old the angle of incidence. 
The ray LL’ is them@yeflected along BB’ in such a 
direction that the e NOB, called the angle of re- 
flection, is equaNt~ the angle of incidence. This is the 
first law of reflection. The second law is that the 
incident By, the normal to the surface and the re- | 
Hected@y all lie in the same plane. 


N PERIMENT to prove that the Angle of Incidence 
is Equal to the Angle of Reflection. Draw a line, SS, 
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across a large sheet of paper.* Draw LL’ in an 
oblique direction, to meet SS at O. Erect ON, 
perpendicular to SS. Support a plane mirror, about 
3x10 centimeters in size, in a vertical position, so 
that its silvered surface coincides with SS. Stick 
a pin vertically at L’, near the mirror, and another 
at L, as far away as the paper will allow. Now look 
into the mirror along the direction of BB’ and stick 
a pin at B’ so that it is exactly in line with the 
images of LL’. Place another at B in line with B’ 
and the images of LL’. If the eye is moved so as to 
look in the direction LL’ it will be seen that these 
pins are in line with the images of BB’. It is an 
important principle in optics that if a ray of light be 
turned backward it will travel along the same path. 

Remove the mirror, join BB’ and pro A this 
line so that, if the experiment has be G@arefully 
done, it will meet L’L on the surface . Prove, 
by measurement with a protractor, Eh angles of 
incidence and reflection are equa 

Images. If, after oa or refraction, rays 
of light from a point meet-godin, or appear to meet 
again in another poin Si second point is an 
image of the first W&W ~ The first point is called 
the object-point e rays from it are called in- 
cident or E ys. The second point is called 
the image “and the rays, after reflection or re- 
SRR. called the emergent or image rays. 


$ It a N found best to use cross-ruled or graph paper for all 
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An image is real when the emergent rays con- 
verge to, and actually meet in, the image-point. A 
real image can be received on a screen. If the emer- 
gent or image rays diverge, and therefore cannot 
meet, an apparent image-point will be formed where 
the rays would intersect if prolonged backwards in 
the direction from whence they came. This is 


Figure 7. $ 


called a virtual image Oa the rays do not 
actually, but only o diverge from it. A vir- 
tual image has no ¢@ existence and cannot be re- 
ceived on a scr V 


EXPERI] N to find the Image of a Point in a 
Plane AE Draw SS (Figure 7) across the 


middle ee) sheet of paper and place a plane mirror 
on tN line, as was done in the last experiment. 
a pin at L, somewhere in front of the mirror. 


i ‚ĖŐĖ 


SS 
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Looking in the mirror in the direction of B’B stick 
a pin at B’ and another at B so that they are in line 
with the image of L as seen in the mirror. Place 
B as far away as the paper will allow. After doing 
the same along E’E, remove the mirror, draw lines 
joining B’B and E’E, produce them until they meet 
behind SS in L’, then connect L’ with L. Measure 
the angle LAS and the distances LA and AL’. 

Rays of light diverging from the object-point, L, 
strike the surface SS at O and O’, They are re- 
flected in the direction B’B and FE'E, still divergent, 
so that an eye, placed in the path of these reflected 
rays, receives the impression as though they came 
from a point L’ where they would meet if prolonged 
backwards. The image of a point formed by a plane 
mirror is virtual, and it is formed at a Ta be- 
hind the mirror equal to that of the obj O 
front of it and on the perpendicular to ght mirror let 
fall at this point. . xO 


EXPERIMENT to locate the Qe of a Pin in a 
Plane Mirror by Parallax. tick a pin somewhere 
in front of a plane mirror Que another pin, large 
enough to be seen ove e top of the mirror, find 


int in 


the place where tl s“no parallactic displacement 
between the Eee in the mirror and the pin be- 
ing used as thes#mage-finder. Practice this until it 


can be dorh &urately. 


we 
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EXPERIMENT to trace the Image of an Object by 
locating the Images of those Points which are suf- 
ficient to determine its Form. In front of a line 
(SS, Figure 8) draw a triangle ABC. Erect a 
plane mirror as was done in the previous: experi- 
ments. Insert a pin at A and locate its image be- 
hind the mirror with pins at DE and FG. Locate 


Figure 8. RY 
the images of pins at B and Q, the same way. 
Remove the mirror and jo B’C’, the images of 
A, B and C. Measure size of the object and its 
image. It will be oe t the image is of the same 


size as the object, and laterally inverted. The 
image of an o is a collection of the images of 


its points. 
ME CTION to trace the Path of the Rays to 


the E N Suppose LA (Figure 9) to be an object 
K in front of a plane mirror, SS. To find the 


A 


ez 


O 
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image of L it is only necessary to drop a perpendicu- 
lar to SS, and on this mark a point, L’, exactly as 
far behind the mirror as L is in front of it. Find A’ 
the same way. The image occupies .a definite posi- 
tion, but the path of the rays depends on the position 
of the eye which receives them. This position may 
be anywhere in front of the mirror. The eye actually 


Figure 9, & 


sees only the reflected rays, and, gÈ the image is 
e 


projected along these rays, it i ly necessary, in 
order to find the path of the a to draw a line from 
the mirror to the eye in suc a direction that it ap- 
pears to come from th se (LEO AEJ. Since 
© and O’, on the w ing surface, are the points 
from which the travel to the eye after being re- 
flected, the inciteńt light from L and A must have 
been direc Aowa them. This applies to each 
lumino KON of the object between L and A. 


y 
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CONSTRUCTION to prove that an Object and all 
its Images, formed by two Plane Mirrors inclined 
at an Angle, he in a Circle. Let M and S (Figure 
10) represent two mirrors, and let L be a luminous 
point. An image will be formed at L! by S. L!, be- 
ing in front of M and because it is now an object- 
point, will form an image by the surface M at L". 


S 
Figure 10. F 


L", in front of S, now form mage at L™ which, 
since it is behind both mifyors, can form no image. 
Starting at L again, an _itsdge is formed by M at LY, 
then at LY by S and AfGAy at LY! by M, behind both 
mirrors. \@ 

With € a Ar and the radius CL, describe a 
circle: = If hee been taken, the object and all the 


images wi e found to lie in the circle. 
oD 
5 a of images increases with the in- 


Th 
iA 


1 of the mirrors. When the mirrors are at 


O 


, AO 
wy 
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right angles to each other three images are formed; 
when they are at an angle of 60 degrees, five images 
are formed; at 45 degrees, seven are formed. The 
number of images increases until, when the mirrors 
are parallel, it is infinite. 

Diffuse Reflection. When light falls on an un- 
polished surface it is so reflected that it is scattered 
in all directions. In this way objects which are not 
self-luminous are made visible by the reflected light 
from some other source. 

Absorption. When light strikes an object some 
is reflected, a certain amount passes through and a 
part is absorbed; the amount of each depending on 
the optical properties of the substance. Certain 
transparent bodies absorb light of one or more por- 
tions of the spectrum and transmit the on For 


instance, yellow glass allows only yello@jHght to 
pass through, the other colors bei absorbed. 
Opaque substances also absorb an ect different 
colors—all colored objects app be colored for 


this reason. Although illumifetet by white light, an 
object appears to be of a tain color because it 
diffusely reflects this only, the others being 


absorbed. A Q 
N 
R 
SS 
S 
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When light, travelling obliquely, passes from one 
transparent medium into another of different density 
it is bent or deflected at the bounding surface, and 


is said to be reir If the incident ray is per- 


pendicular to oO rface it continues in a straight 


line. 

EXPE idx Place a piece of thick plate-glass, 

of abou ow same shape as shown in Figure 11, ona 

ig paper and draw the line ABCD around it, as 
to the four sides as possible. Stick a pin at O, 
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against the glass, and another at L in an oblique 
direction. Looking along TO, through the polished 
edge of the slab, place T in line with the images of 
the pins at O and L.. Remove the glass, join LOT 
and erect the perpendicular to AB at O. With O 
as center describe a circle of any radius and draw 
FG, the sine of the angle LON, and HJ, the sine 
of the angle N’OT. Measure the lengths of FG 
and. HJ and find their ratio. 

The incident ray is LO, and the angle LON, 
formed by LO and the perpendicular ON, is the 
angle of incidence, i. The refracted ray is OT, and 
it forms with ON’ the angle of refraction, r. The 
plane LON is the plane of incidence, and N’OT is 
the plane of refraction. 

The velocity of light depends on the deyghty of 
the medium. It is greatest in a vacuut nd its 
speed decreases as the density of the oye? medium 
becomes greater. A dense PENS which light 
is propagated with a low RON id to be highly 


refractive. 

Laws of Refraction. 1. or plane of incidence 
coincides with the plane Cf raction. 2. The angles 
of incidence and refra, , for any two media, are 
so related to each WXY that the ratio of their sines 
is constant. Q 

Repeat thẹ last experiment with the pin L in a 


different pgs¥80n and note that the ratio remains the 
same. ts constant ratio is called the index of re- 
fracti hich, being designated by n, is written: 
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sin i 
n= 


sin r 


The refractive index of any transparent sub- 
stance is inversely proportional to the speed of light 
in that substance, so that if v represents the velocity 
in the first medium and v’ the velocity in the second 
medium, 


sin i v 


sin r Vv 


From which it may be seen that the relative index of 
refraction for any substance depends on the differ- 
ence in the velocity of light before and after refrac- 
tion by the substance. 


EXPERIMENT. Refraction through Plate of 
Glass with Parallel Sides. Repeat Ga t experi- 
ment; but before removing the slab gett another pin 
at U, as shown in Figure 12, © ine with the pin 
at IT and the images of O and L as seen 
through the edge of the gl Draw the normals at 
O- and- T. Find the =O f the sines of i and r and 
compare it with that and r. 

When the incj ray (LO, Figure 12) passes 
from a rare Núm, such as air, into a denser 
medium it ae! along OT toward the normal, and 
for ane found numbers, 


sin i 3 


we ie ee 2 
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a number greater than unity, as is always the case 


when the light passes from a rare into a dense 
medium. 


Now the ray OT within the glass, on striking 


TY 
Figure 12. xO 
the surface CD, passes into tl 2) 


bent awa ay. from the nor “o O 


along TU, being 
at for glass into air, 


The index of rGrgttion of glass to air is the re- 
ciprocal of tł 


oe of refraction of air to glass, 
so that 


we Sita’ sin r 


~\ Sin tf sin i 
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and, since NN and N’N’ are parallel, the incident and 
the emergent rays are parallel. 

When the density of any optical medium is com- 
pared with vacuum its index of refraction is given 
as absolute. As the difference between the index 
of refraction for air and vacuum is very slight the 
refractive index for air is considered the same value 
as that for vacuum—unity—and 


Sin bs Sinn? here tr art 
or 


DW XMasi fa 1S sim i 


Compared with air and considering white light, the 
index of refraction for water is 1.33; cornea, aqueous 
and vitreous, 1.336; glass, 1.5 plus. 


Refraction of a Pencil of Light thi >, a Plane 
Surface. Repeat the experiment deg@jbed on page 
26 and designate the object-pin ss which we call 
a point source of light. Degg perpendicular at 
this point to AB through ae 

th 


seen in Figure 13,: 


and produce OT to L’ g line. 

The angles NOL ‘See are the angles of 
incidence and we n and therefore their sines 
are ina AN Let this ratio or. refractive 


index be cal N = the triangle LOL’ 


9 Or sin OLE sin OF 


ES Se the angle of refraction, be- 


S 


ON’ is parallel to L’S; and OLL’ is the supple- 
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ment to OLS which is equal to NOL, the angle of 
incidence, i. Therefore 


LOS Liss) cin teins 
or 
| OB eo Ps ON a a cee 
and solving for L’O we find 


On XO 


manawa wveecne & 


o 


The position( of} the point L’, therefore, depends 
onz iO. a N ilds as in all that follows, we shall con- 
sider the Ors very small, so that the rays lie very 
close tN and writing S for O in the equation, we 
ne he determination of the conjugate focus, L’ 
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Ii we call LS the first conjugate focal distance and 
designate it by f, and L’S the second conjugate focal 
distance and designate it by f’, we have 


Eten | ee 


This means that if an eye were placed at T, in 
water with an index of refraction of 1.33, and an 
object placed at L, at a distance equal to f, the image 
of L would be projected to L’, along TOL’. The 
distance, f’, would appear to be 1.33 times greater 
than f. 

If the focus, L, of the incident pencil were situ- 
ated inside the transparent body its conjugate focus 
should be found in the following manner 

The angles LON’ and TON (Figfrd 14) are 
now the angles of incidence and refx¥etion, while in 
the former case they were the les of refraction 
and incidence, and the ratio o ir sines is 1 : n in- 
stead of ner Lo As. bet cy being the first con- 
jugate focus, L’ the seco onjugate focus and LOT 


the path of the ray, O 


DOS: er sin. TOWN EES LON” 
> 
Cy 0 0 ea 


and 
O PSE Bas ethane al 


O 
Y LS = LS 


Or 
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eye 
n 


From which it can be seen that if an eye were placed 
at T and the object at L, in water, for which 


and 


Cu 


the image would t to be 4% nearer to the sur- 
face than it actyalby is. 


t 
S 
we 
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Let SS (Figure 15) be the plane surface of a 
body of water and LA an object placed under the 
surface. From L and A let fall two perpendiculars 
on the surface and measure LL’ and AA’ on the 
perpendiculars equal to 1⁄4 their lengths. The image 
of LA will be seen at L’A’ by an eye placed as in the 
Figure. 


Figure 15. 


solid angle of 
, bounded by two 
two plane surfaces 


Prisms. A prism, in optics, 
glass or other transparent m 
planes. It is a medium 


inclined towards each otR&r. A plane at right angles 
to these two surfa S the principal plane; the 
angle between th o faces is the angle of the 


prism; the thi No is the apex and the thick end 
is the base. Qay of light passing through a prism 
is always (Cnr or bent toward the base. 
EXxQ3XIMENT. Path of a Ray of Light through 
a Sn. Place a prism or wedge of thick plate- 
NX on a sheet of paper and draw ABC (Figure 


<$ 


AO 
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16) close to its sides. Stick pins close to the glass, 
at O and O- so that OBO’ is isosceles. Looking 
along LO place L in line with the pin at O and the 
image of the foot of O’ seen through the prism. 
Now looking through the other side, in the same 
way as before, place T as far away as possible, to 


L A C nS 
Figure 16. & 


O 
line with the pin at O’ and the ima ihe pin at O. 
Remove the prism and join L O Produce LO 
tous, and TO to T? so that os cross at x. The 
mcident.tay,-LO, is reir QQA at the first surface, 
AB, in the direction OO ere it is again refracted 
at the second surfa Ve and finally leaves the 
prism along O’T. L’ is the direction of the in- 
cident ray and Cemerges along TT’, the ray is de- 
viated throug@)the angle Lx T- which is called the 
angle of Covey To an eye placed at T, looking 
BN is prism, the image of L would be dis- 


X 


, AO 
wl 
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placed so that it would appear somewhere along Tl”, 
directed toward the apex. 

Let ABC be the principal plane of a prism, that 
is, a plane perpendicular to the edge and to the 
planes of the faces of the prism, and let LOO’T be 
the path of a ray of light through the prism. Draw 
yON and yO’N’, perpendicular to AB and BC at 


the points O Coe is shown in Figure 17. Let 
the angles of ence and refraction at the first sur- 
faces EA) d yOO’, be called i and r; the cor- 
respondsys angles at the second surface, TO’N’ and 
yO" age called i” and r’; let the angle of the prism 
“Oiled e: and the angle Lx T be called d. The 


Wie of deviation, d, measures the amount of deflec- 


À 
= 
. NV 
N 


oN 


O 
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tion of the transmitted ray from the incident line 
LO. 

Because Oy and O’y are perpendicular to BO and 
BO’, and because the quadrilateral BOyO’ is in- 
scribable in a circle, the external angle at y is equal 
to OBO’ ~e; but in the triangle OO’y the external 
angle at y is equal to the sum of the two internal and 
opposite angles, which are the angles of refraction 


Z 


r, r’; therefore 


ee yt eS ee) 


In the triangle OO’x, the external angle at x is 
equal to the sum of the angles xOO’ and xO’O; but 
it is evident from the figure that xOO’ = i — r and 
xO’O = Y — r, and the external angle at x is d; 
therefore 


d =i—r +i —r , os 


If, now, the angle of the prism, e, Wey small 
and the incident ray LO be nearly San to 
the surface, the angles i, i’, r, te all small and 
may be considered equal to thgf\ sines; but the sines 
of i and i are to the sinegjofr and 1’, by the law 
of refraction, in the rai 
(2) becomes 


n : 1; hence equation 


Y 
cP (n—1) 2 
which by ean (1) becomes 


4 d G= leina : (3) 


> 
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i.e., the deviation of a ray incident nearly perpen- 
dicularly upon a prism of small angle is equal to 
the number n— 1 multiplied by the one of the 
prism. 

It is also evident from the figure that the ray 
LOO’T is bent away from the angle of the prism. 
Minimum deviation takes place when the angles of 
incidence and emergence are equal. 

Numeration of Prisms. Prisms were first meas- 
ured according to the degree of the angle. Jackson’s 
method consists in measuring the degree of the re- 
fracting angle or according to the deviating power 
in the position of minimum deviation. Dennett pro- 
posed that the unit be called a centrad—a prism hav- 
ing the power to deviate a ray Yoo of a radian is 


numbered one centrad O 
The standard in the United Stat ince 1894 is 


the prism diopter which is desig by A. This 
is the method of Prentice. O having the 
power of one prism diopter SE a ray exactly 


one centimeter at a cos meter distant, that is, 
the hundredth part of Cy radius measured on the 


tangent. Q 
The propert h prisms possess of separating 
colors is calle Spersion. If an object be viewed 


through a (pm of considerable power, it will be 
tinged w@k red toward the apex and with violet to- 
ward V base of the prism. Dispersion is a most 

ant property; but the chief use of prisms in 
agent peor is for the purpose of changing the 
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apparent position of objects, and in these weaker 
prisms dispersion is not noticeable. 

The following table, by Jackson, shows that the 
terms centrad, prism, diopter, and angle in degrees 
are almost interchangeable in the weaker prisms: 


Deviation Deviation Refracting Angle 
in in in 
Centrads Prism Diopters Degrees 


1 
2 
3 
4 
5 
6 
7 
8 


Critical Angle. Total Refle ee When a ray 
of light passes from a denseNygo*’a rarer medium 
it is bent away from the nopsal, and the angle of in- 
cidence is less than the @xygle of refraction. When 
the angle of a a right angle, z.e., the 
emergent ray is el to the bounding surface, 
the angle of ir ce is called the critical angle. If 
the Tele and the normal form an angle 
greater t the critical angle the light cannot 
emer g N, is called total reflection, because the 


light watirely reflected internally. 


40 OPHTHALMIC OPTICS. 


EXPERIMENT to trace the Path of a Ray which 
has been Internally Reflected in a Prism. Draw ABC 
around a prism of plate glass (Figure 18). Stick 
a pin at O and another at O’. Looking in the direc- 
tion TO’, an image of O will be seen which has 
been formed by reflection at the surface AB. Insert 
the pin T, as far from O’ as possible, to appear in 


ys 


Figure 18. xO 


line with O’ and the imag . In the same way 
place the pin L by lookięy long the line LO (this 
can also. be done by Iking along TO’). Remove 
the plate, join TO’ uce it to meet AC and draw 
LO to meet CBN may be considered an object- 
point which €j een regularly reflected at the plane 
surface Ak and by following the method described 
on mae for the image of a point in a plane 
mirahe light will be found to have taken the 
iy OFO’. The image will be formed at L’. 


3s 


S 
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Total reflection may be demonstrated by the 
apparatus shown in Figure 19. On a heavy piece 
of cardboard or thin wood is drawn a circle with 


W 19. 


vertical and horifoyfal diameters, NN’ and SS. Fine 
vertical liness@yide the horizontal diameter into 24 
equal part wo clock hands are arranged to rotate 

ah independently around O. SS represents 
a beh surface separating two media, n and n’. 


$ 
© 


freely 
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If L is an incident ray striking the surface SS 
at O, T can be made to show the direction this ray 
will take in the denser medium n’ after being re- 
fracted. For instance, if n is air and n’ is water, 
the index of refraction for water being 4, the sine 
of the angle of incidence must be 4 while the sine of 
the angle of refraction is 3. If L be considered the 
incident ray and the angle LON is such that L cuts 
the circle at the 4th division, the sine of the angle 
LON is equal to 44 or .166; so that in this case 
the refracted ray will form an angle N’OT whose 
sine is 844 or .125. If L is swung around to cover 
8 divisions the sine of the angle LON will be %4 
or .333, and T should then be made to cover 6 
divisions, so that the sine of the angle N’OT is %24 
Of 20. 

Continuing in this way, if L is soe around to 
coincide with SS it will form an of 90 degrees 
with N, covering all 24 divisi and its value will 
be 2444 or 1.00—the sine rons degree angle. The 
refracted ray must now & such an angle with N’ 
that its sine is .75 or ©, that is, T must cut the 
circle 18 points fro Qn’. 

If, now, ction of the light is reversed, 
making T they Se and L the refracted ray, i 


the case wRet Wine LON equals 1.00, and the ee 
being grees, the refracted ray emerges parallel 


eS a angle TON’, whose sine is .75, 


| ` 
TN 
D 


critical angle for water. If the angle TON’ 
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is greater than .75 the ray cannot leave the water 
and it is totally reflected internally. 
li the critical angle is designated by x 


sin 90 


sin X 


whence 


CrAPT ERAT Yy: 
REFLECTION AT SPHERICAL SURFACES. 


Convex or concave polished surfaces that are 
a portion of the surface of a sphere form spherical 
mirrors. The direction of the reflected rays from a 
curved surface may be determined geometrically ac- 
cording to the laws of reflection. 

The center of the hollow sphere, of which the 
mirror forms a part, is called the center of curvature 
or the center of the mirror. The middle point of | 
the reflecting surface, which must not be confused 
with the center of curvature, is called NV vertex. 
A line passing through the center of oy 
the vertex is the principal axis; all 
pass through the center of curve 
axes. When an object-point iggwuated on the prin- 
cipal axis its image is fornd)o the principal axis; 
when the object-point ee a secondary axis its 
image will then be fosgntéd on this secondary axis. 
Since an object can Gyre only one point on the prin- 
cipal axis, everwat#er point must lie on a secondary 
axis. The gx@®are radii of curvature and, there- 
fore, normalSto the reflecting surface. 

If ol pencil of incident rays is parallel to 
the aes of a spherical mirror the point on the axis 
in Nth these rays meet or appear to meet again, 


© (44) 


ture and 
er lines that 


are secondary 
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after being reflected, is called the principal focus. 
The distance from the principal focus to the mirror 
is called the principal focal distance of the mirror, 
and this distance is equal to one-half the radius. 

In order that a reflector should produce a distinct 
image of an object placed before it, it is necessary 
that the rays diverging from each point of the ob- 
ject should, after reflection, diverge from or con- 
verge to some common point. 

Rays that diverge from an object-point on the 
axis will, after reflection by a spherical mirror, be 
made to meet again, or to appear to meet again, in 
another point on the axis. This second point is the 
image-point, and it and the object-point are called 
conjugate foct, because if the direction of the rays 
is reversed, that is, incident from the ae ae 
they will meet again in the original posits F the 
object-point. The two points are int angeable. 
The distance from the object to th or is called 


the first conjugate focal distanc that from the 
image to the mirror is o second conjugate 
focal distance. O 


In the case of a plan@yreflecting surface it has 
been shown that the it & 
similar to the ig this does not occur in the 
case of a spheri irror. The two classes of spher- 
ical reflectors ggpncave and convex, will be explained 
in successi) 


we 


is equal and in all respects 
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Reflection of a Ray of Light by a Spherical Sur- 
face. If a ray of light proceed from an object-point, 
L (Figure 20), and fall at O upon a spherical con- 
cave mirror, OS, whose center is C and be reflected 
at O so as to intersect the radius CS in the point L’, 
the distances LO and L’O will then be to each other 
in the same ratio as the distances LC and L’C. For, 
since the radius CO is perpendicular to the surface, 
the angles i and r are the angles of incidence and 
reflection and therefore equal. In the triangle LOL’, 
since OC bisects the vertical angle, it will divide 
the base LL’ into segments proportional to the sides; 
therefore 

LO LO tLe LG, eee 


The distances of the points L and L’ from the sur- 
face are to each other in the ratio of os istances 
from the center. 

L and L’ are conjugate foci ee therefore, if 
the ray of light proceed fro it would be re- 
flected back to L. It is i ON to know that if 
any ray of light be turne Lee in its course it will 
describe the same pany aSefore, but in the opposite 
direction. 

H ithe “ray XS t were to fall on a convex 
mirror as EG 21 the same proof would appl 
as before, wt this difference, that the radius CO 
O angle of the triangle LOL’; but 
in thi e also, it is easy to show that 


Lohse S ROn e EGAL CE. 
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Figure 20. 
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If the incident ray LO is parallel to the radius 
CS, as in Figure 22, then LOC is equal to COL’, 
because they are the angles of incidence and reflec- 
tion, and L’OC is equal to OCL’; therefore OL’C 
is an isosceles triangle, and L’O is equal to L’C. 

Hence, if an incident ray of light is parallel to 
a radius of a spherical mirror, the reflected ray will 


Figure 22. A 
Oy 


distances from 
are equal. 
the point S, the pro- 


cut that radius in a point L’, w 

the center, C, and from the p 
If the point O be very fies 

portion (1) will become o> 


eee “iC Sb 


Reflection oN Pencil of Rays from a Spherical 
Mirror. Whg a pencil of rays diverging from an 
object- wo (L, Figure 23) falls upon a spherical 
mirr S ray, LO’, LO”, LO”, will be reflected 

il intersect the line ES inca point "4 


O 
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and the position of each point will be found for 
each ray from the proportion (1). It will be differ- 
ent for each ray, because it depends on the line LO 
which enters into the proportion. 

Only the rays which traverse the same circle, 
having S as the center, will be imaged in the same 
point on the axis. Each circle of the surface forms 
an image-point and these images are situated along 


Figure 23. K 


the axis, forming a focal line. Wher ese rays 
cross one another a bright line is fed which is 
called a caustic. Q 


The lines LO will be nearl pendicular to the 
mirror in the neighborhood A point S and will, 
therefore, be nearly equa QEonsequently, the points 
M EA found RG ) for such rays, will be 
crowded together produce a bright light or 
focus. The posiGos of this focus is found by pro- 
portion (2), x@pvhich LO and L’O become LS and 
ES; Tt wire assumed that all the rays are very 
close ie principal axis of the mirror. 
4 


> 
ao 


Ag 
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Cs 
SS 
SO) 
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Figure 24. xO 
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Optical Bench and Fittings. An optical bench of 
some kind is indispensable for the performance of 
many of the experiments that follow. An op- 
tical bench for teaching must of necessity be so 
constructed that, while it enables accurate work to 
be done, it can be easily and quickly set up, and at 
the same time be substantial enough to stand real 
hard usage. The ordinary stock equipments offered 


E 


by dealers do not seem to Q these requirements; 
moreover, in very few Tees can trial-case lenses 
and accessories be easily¥Qsed—a disadvantage and an 
added expense in a @stitution where trial cases are 
always at hand S) 

The bencl (Figure 24), was obtained from 
Carl Zeiss. is made of triangular steel, one meter 
in leng thbaving a groove along each side to allow the 
aes “On to be securely fixed. Removable bolts 

Auts are supplied with the bench so that it may, 


~V esired, be fastened to a table or other base; but 


| 


+ 
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its weight makes this unnecessary and sometimes in- 
-convenient. The saddle-stands, as shown at A, were 
also obtained from Zeiss; the modifications and car- 
riers were made by Wall & Ochs. 

Each saddle-stand is provided with two set- 
screws, one to fix into the groove and hold it in posi- 
tion on the bench, and the other to hold the carrier. 
It is so formed that it will stand and may be lifted 
off the bench and placed on the table—a very neces- 
sary proceeding in some experiments. As the bench 
is not scaled, we have had a white line etched at the 
center of one side of each saddle-stand, so that direct 
measurements can be made with a meter stick. Meas- 
uring by this method is easier than if the bench it- 
self were ruled. 

It will be seen in the illustration that thess\ddle- 
stand at E has had the entire upper porti S 
and a lamp socket, with switch and cor, tachment, 
set in its place. This holds a roundy@&ted 25 watt 
lamp, housed in a Thorington cla Qy which is pro- 
vided with an iris TOPA front of the dia- 
phragm-opening there was eed a single trial-lens 
cell of standard size. 

The carrier in Redirect compartment to 
hold regulation t Nase Hasse it is. set— 19 a 
standard having yollar so that, when dropped into 
the saddle- on and a lens placed in it, the lens will 

ered with the aperture in the chimney. 


moved 


be aS 
TA nd C contains a carrier consisting of two 
Ta e brass clips, mounted on a slotted cross 


N 
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piece. The upright, which- fits easily into the saddle- 
stand, may be raised to the desired position and fixed 
by the set-screw in the stand. While this form of 
carrier can, when needed, be used for trial-lenses, it 
is intended for holding screens, stops and other 
articles for which the cells in carrier D are unfitted. 


EXPERIMENT to find the Principal Focus of a 
Concave Mirror. Adjust a concave mirror on the 
optical bench so that the axis of the mirror is 
parallel to the bar. Direct the mirror to a well 
illuminated distant object. In front of the mirror 
arrange an image-screen, being careful that it does 
not obstruct the light, and find the position where 
a clear image of the distant object is formed. If 
the image-screen is of thin ground-glass the.\nage 
can be seen from either side. Then, with Hang- 
ing the position of either carrier, replą e screen 
with a tall pin or wire and verify thg@p%ition of the 
image by parallax. Measure "eR ance from the 
mirror to the image. This gs\tMe principal focal 
distance, F, of the mirror. 

Since, in general for a@ parallel ray, L’S equals 
L’C when the poin proaches very near the 
point S, the princip cus (®, Figure 25) will lie at 
the point of bise€tipri of the radius CS. The image 
is real and invested. If either L or L’ coincides with 
P, the otherQhust be at an infinite distance. 

Theywportions (1) and (2) may be replaced 
by q vebraic formula as follows: 


`Q 
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Let OP be drawn perpendicular to CS, as in 
Figure 26, then since 


OLS = OCS: COL 
and 
OLS = OCS — COL 


adding together we find, because COL’ = COL, 
OLS OLSE 2 0cs 


But from the proportions of right-angled triangles 
we have 


sO Ss. S OP 
OLS 
sin OLS = OE 


on ees 
g~ 


OP 


sin: OCS == 
RO 
and since, if O be very 40% angles above will 


be very small and be e to their sines, we find 


aden =f (Ol 2 ond “OC Re 


finally Qein, dividing both sides of the equation 


(3) 


S hr 


2 
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In this equation we have three quantities: the 
distance of L’ from the mirror, the distance of L 
from the mirror, and the radius of the mirror; any 
two of which being given, the other can be found. 

When a pencil of light, after reflection, is con- 
vergent it is given the positive sign (+) because the 
rays meet in a real focus in front of the mirror, and 
they can be imaged on a screen. When the pencil 
is divergent, after reflection, its focus is found by 


Figure 26. ~\ 
x$ 


projecting the rays backward until aa in a 

is case the 

negative (—) sign is given. The ee terms are 
a 


virtual image behind the mirror, and į 
used for convergent and diyve€gd incident rays. 
In the diagrams the red linesydicate negative rays. 


Concave mirrors are aN, e positive (+) sign 
iven the negative (—) 


and convex mirrors UO 


sign. V 
The focus Lj vied the conjugate to the focus 
Pe tea lies One and the incident ray is 
parallel to J D of the mirror, L’ will cut the 
axis Yas is distance of C from the mirror. This 
point Nie principal focus of the mirror and. is 
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designated by the sign ®. The principal focal dis- 
tance will be designated by F. Since F equals 1⁄ | 
R, equation (3) may be written 


(4) 


ra ee 
pee ee owiehe 


If the distances f, f and F are measured in 
meters the reciprocals of these distances will repre- 
sent diopters, and formula (4) may be written | 


Doe DY So te 


where D’ is the dioptric power of the first conjugate | 
focal distance, D” that of the second conjugate focal | 
distance and. D the dioptric power of the principal 
focal distance. 


EXAMPLE. An object is placed BS doar of 


100 centimeters in front of a co mirror, and 
its image is formed at a distan t 25 centimeters 
in front of the mirror. Waa the principal focal 
distance of the mirror? 


Substituting these fees in formula (4) we 


write 16) | 
gD 1 1 i 

W400" 25 ~ 20 
fe) | 


The princi focal distance, F, is 20 centimeters. 
Using aula (5), and substituting the equivalent 
dioptexpowers for these distances, 


Y iD 24D = 4D 
© 

N | 
O } 


| 
| 
| 
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EXPERIMENT to find the Conjugate Foci of a 
Concave Mirror. Draw an arrow or other figure 
on a ground-glass disc and place it in the opening 
of the Thorington chimney. Place this luminous ob- 
ject, which is represented by L, Figure 27, on one 
end of the optical bench. Facing it, on the other 
end, place a concave mirror (radius of about 25 
cm.) in a suitable carrier so that it is in line with 
and faces the object. On another carrier erect an 


A 


Figure 27. Q 


image screen, being careful not to qb@ytct the light, 
and slide the saddle-stand along bench until L’ 
is found, where a clear image KD formed. Meas- 
ure the distances of the obi@®and its image, f and 
f, from the mirror and Gye formule (4) and (5). 
By construction i be seen that the ray AO 
being parallel to A axis will, after reflection, be 
directed through se principal focus ®; A® will be 
reflected as. i€,it came from ® and emerge parallel 
to the axisOXC, passing through C, will be reflected 
backwaXWalong its original path, as are LS and every 
Y passing through the center of curvature. 


otherN 
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The point A’, where the reflected rays cross, is the 
image of A. 

The image of L will be formed on the prin- 
cipal axis where a perpendicular is dropped from 
A’. Every other point in the object between L and 
A will have its image formed between L’ and A’, 
therefore LA” isthe image of LA. 

The image is real and inverted. L and L’ are 
conjugate to each other and if their positions be 
changed so that L is placed at L’ an image will be 
formed at the first position of L. The nearer the 
object approaches ®, the farther away the image will 
be. Measure the size of the object and of the image 
in each case. 

Size of the Image. If AL, the object, is desig- 
nated by O; A’L’, the image, is designated\by I; the 
distance from L to ® designated by id from L’ 
to ® by I’, the triangles AL® and Rag or O®S and 
A’®L’ give us the relations xO 


O OF 


/ 


J l 
Gigs te NO | 
Since F a l to 1% the radius, 


GP One 


+ 


RN o be written, if R signify the radius, 
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or 


which is the formula used in ophthalmometry. 


EXPERIMENT. Reflection by a Concave Mirror 
when the Object is at the Center. Arrange the ob- 


A 
Oy 


Figure 28. Ss 


ject and the image-screen so ot are at the 
same distance from the mi is shown in 
Figure 28. If the image ‘or the object had per- 
fectly coincided each r f light must have re- 


turned exactly along @s~path and have struck the 
surface normally, Oy point is the center of curva- 
ture of the a d it lies twice the focal distance 
from the Ar, because then 1/f = 1/R.. The 
image is . inverted and of the same size as the 


obj ec 
© 
> 
Q 
y 
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EXPERIMENT to find the Virtual Image by a 
Concave Mirror. Erect a short pin in front of a 
concave mirror, but at a distance less than F. With 
another pin behind the mirror, and tall enough to 
be seen over the top, locate by parallax the posi- 
tion of the image of the first pin. Measure the 
distances and prove equations (4) and (5). In this 


Figure 29, 


case the sign for the second conjuggeeYocal dis- 
tance is negative (— f’) Qy 


and 


Figure 29 show method of finding the virtual 
image at a conca@mnrfrror by construction. The re- 
flected rays, N divergent, are madè to meet by 
projecting t to a point behind the mirror where 
a virtuah@ect and large image is formed. 


RX MPLE. An object is placed 10 centimeters in 
N 


of a concave mirror; a virtual image is formed 
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at a distance of 20 centimeters behind the mirror. 
What is the focal distance of the mirror? 
By formula (4) we have 


1 (ee ed 
oa 
It is a concave mirror (because it is positive) having 


a focal distance of 20 centimeters, and the radius 
of curvature, therefore, is 40 centimeters. 


ee 30. & 
O 


By formula (5) we write xS 
ag ps 5 = OS 


EXPERIMENT to find the Byincipal Focus of a 
Convex Mirror. The ceng@of curvature of a con- 
vex mirror lies behind reflecting surface, at C 
in Figure 30, and th Siricipal focus, ®, lies midway 
between the centér curvature and the surface, S. 
The principal era distance, F, is given the nega- 
tive sign. 

RO mirror toward a distant object 


and lo nto the mirror from the same side. A 
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small, virtual and erect image will be seen. Locate 
the position of the image by the method of parallax. 


EXPERIMENT to find the Conjugate Foci of a 
Convex Mirror. Set up a convex mirror on the 
optical bench and, for the object, fix a pin at a 
distance in front of the mirror. Adjust a tall pin 
behind the mirror so that it coincides by parallax 
with the image of the first pin as seen in the mirror. 


Figure 31. & 
The image is small, virtual Sa Measure the 
distances and calculate by Gye ions (4) and (5), f? 
being negative. Find ee of the image by the 
formula for eae ry. Figure 31 shows how 


the conjugate foci convex mirror may be found 


by construction 

EXAMP rOin object is placed at a distance of 
20 cențigseters in front of a convex mirror. An 
image Q formed at a distance of 10 centimeters 
beta’ the mirror. What is the principal focal dis- 
Adee of the mirror? 


REFLECTION AT SPHERICAL SURFACES. 63 


In this case f is positive and f’ is negative. By 
formula (4) we write 


1 1 1 
50 ag cee ar 
and since the principal focal distance, F, is — 20 


centimeters the mirror must be convex. 
By formula (5) we find the power 


5D—10D=—5D. 


If F and f are given we can find f’. Suppose 
we have a convex mirror, F — —50 centimeters, 
and an object placed at a distance, f, of 25 centi- 
meters; then 


1 1 1 
anoa? SS 
{ f F eo 


and substituting the distances S 


r A 5 
25 Tiss 168" Se K 0 
or, by formula (5), aS 


4D g9- -2n 


Suppose mo is 6 centimeters in size; find 
the size of tl age by the formula for ophthal- 


mometry ( BO). 
211 


\S E 
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In this case R = 2F = 2 X 50 = 100 centimeters, 
and] = F + f = 50 + 25 = 75 centimeters. Re- 
placing the signs by these figures 


VEE bare ae 
6 


= 100 


the image is 4 centimeters in size. 


EXPERIMENT to find the Center of Curvature of a 
Convex Mirror with the aid of a Convex Lens. Set 


YO 


Figure 32. 


& 
up a convex lens on the aie ON and find the 
place where is formed the AR of an illuminated 
object. Interpose a conygxsmirror between L’ and 
the lens (Figure 32). Gujust the mirror so that 
the image is formg@on the object-screen beside 
the illuminated r, When this is the case the 
light, being r Na along the original path, must 
strike the Ge: normally, and the rays, being 
radii of Cag surface, would, if prolonged, meet at 


the aS C: 


| 
| 
| 


CHAPTER V. 


REFRACTION BY A SPHERICAL SURFACE. 


Let the spherical surface, SH, in Figure 33, 
separate two media, the rarer of which is designated 
by n and the denser by n’. The center of curvature 
is C. The angle of incidence for the ray LO” is 


n N” No" S n' 


; NED 
Ç . 
Figure 33. a3 


LO’’N’” and the ray is deviated ac: , making 


CO’’L’” the angle of refraction 
whose angle of incidence is les 
ated to L”, and LO’ is devi yo 
the principal axis at L 

The ray LH ainega ein the principal axis 
and passes through YY Aout being refracted. All 
the rays that trayérge the same circle, having H as 
center, are upi at the same point on the axis, 
providing t ight is monochromatic. Sunlight, 
which i e@posed of all the colors, is decomposed 
by A so that even the rays in the same 
5 (65) 


ecra LOS 
LO”. mis devi 


still less, meeting 


> 
a) 
wl 
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circle are more refracted as they approach the violet 
end of the spectrum. This is called chromatic aber- 
ration. 

The points where the rays cross each other in 
being directed to their respective focal points, L, 
L”, L’”, are distinguished by their greater luminosity 
and their union forms what is called a caustic. 

In order for homocentric rays to remain homo- 
centric the surface must have such a form that the 
angles of incidence will be everywhere the same. 
This condition is fulfilled in ellipsoid and hyper- 
boloid surfaces better than in spherical ones, but 
even then the object-point must have a fixed posi- 
tion. In this case all the rays from the same mono- 
chromatic object-point will be united at a single 


point. 
In the sphere each circle of the cê forms an 
image of the object-point and le images are 


situated along the axis, forn © the focal line, as 
was described under ENER In the paraboloid of 
revolution all the circl m their images at the 
same point. We N as was. done in re- 
flection, that only &@ys very near the axis are al- 
lowed to PON the refracting surface and 


that the image) a point is a point. 


Princi oci. When the object is at infinity, 
the ra nitted are considered parallel and the point 
behy he refracting surface where these rays meet 


ted the posterior or second principal focus and 


S 


|e 
M 
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will be designated by ® (Figure 34). The distance 
from the surface, H, to ® is the second or posterior 
principal focal distance, designated by F’. If an 
object-point is placed at ®’ the emergent rays will 
be parallel after refraction at the surface. 

When the rays are parallel in the second medium 
the point ®, where these rays meet in front of the 


xO 
Figure 34. OR 


refracting surface, is called de anterior or first 
principal focus. The distanee from H to ® is the 
first or anterior princip Oyal distance and is desig- 
nated by F- fan NNT t-point is placed at ® the 
emergent rays wi parallel in the second medium. 

The point, e's the center of curvature of the 
sphere of wits the surface is part: The distance 
CH is c¢ the radius of curvature and is repre- 
sented R. The line passing through the vertex 


Ad 
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of the surface and C is the principal axis of the 
system. All other radii of curvature are secondary 
axes and a ray coinciding with one of these, that is, 
passing through the center of curvature, continues 
in a straight line. 

Let Figure 35 represent a spherical curved sur- 
face separating. a medium, n, from a denser medium, 


n’. The ray, L, parallel to the axis, strikes the sur- 


< 
Figure 35. a, 


face at O, is bent toward thema! and directed 
to the posterior principal f Wi’. 

The angle of incidengfe,“% is formed by the in- 
cident ray, LO, with thhormal ON; the angle of 
refraction, r, is for. by the refracted ray, O9’, 
and the normal “Xhe ray is deviated through the 
angle L’O®’ N 


d=i—r 


where Rites the angle of deviation. 
‘(ew SC parallel to O®’, and we have the angle 
to correspond with the arc OS, and SCH to 
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correspond with the arc SH. If the angles are very 
small we may say that 


OF (fare HO 
CH arc HS 


and since the angle 
OCH = NOL = i 
SCH = LODS d 


Pi =p 
CH= iR 
a A 
R i=r 
The angles being small and proportional to Ķheir 
sines, we may say eo 
ee sin i S 
R  sini— sinr XS E 


If we describe a circle QW as center, then 

gg is the sine of the angle o€(jicidence, hh the sine 

of the angle of refractiog@nd, for light entering a 

denser medium, we ING proportion (page 30) 
ÇO SRL 


sin r n 
+ 


That z © 
\S 
iad n for sin r and n’ for sin 1 in (a) 

D 
@ 
ll 


i a cit toes. at Sint 
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F’ n’ 
R n =n 
or 
; non 
F = Sas . . . (b) 
n’ — n 


For the anterior principal focal distance the light 
is incident in the denser medium, n’, and LOC 
(Figure 36) is now the angle of incidence, i, and 


®ON is the angle of refraction, r. The ray LO, 


Figure 36. © 


parallel to the axis, strikes th Toye at O, is bent 


away from the normal, directed to the an- 
terior principal focus, A in O rarer medium, n. 
The ray is deviated an the angle L’O9, so that 


in this .case 
gS- = r — i 
In the pA HCO and H®O, the side 


OH being: mon, and substituting the arc for the 


sine, a arie: are inversely proportional to the 
their respective triangles. If the angles 
Wey small and O is very close to H, we may say 


ri 
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He SOCH iS = eae 


HC OPH 


The distance H® is designated by F, HC by R 
the angle OCH = LOC = i, OOH = FOS d 


therefore (c) may be written 


i 


F 
R fo 4 


If the angles are small we may substitute the sines, 
and this may be written 


F sin 1 


(d) 


R sinr — sini 


For light incident in the denser and emergent in 


the rarer medium, we have RS 
sin 1 n s 

sin r n’ 

n x snr =n S 


which is the inverse of 3 yhen light is emergent 


in the denser medium. 
Substituting n X i, i n’ for sin r in (d); 


CPx RE n 
O ea 
SS E -= n A oko O, (e) 


or 
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If the first medium is air and n = 1, and if n’ 
be designated by n, we may write for (e) 


R 


(1) 
and for (b) 


Pa 


ANI 

n — 1 oe 

When the distances are measured in meters, since 

the dioptric power is inversely proportional to the 

focal distance measured in meters, we have, denoting 
the anterior dioptric power by D, 


=< 
R 


and for the posterior dioptric power, Kaea by< 


2 n — 1 3S 


nR 


The difference betwee1 Oy F’ is equal to the 
radius. There is anoth&)felationship, 


Phak i say that the principal focal distances are 
tons n other as the indices of refraction of the 


~\ 
“LY 
~~ 
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media to which they belong. When n is equal to 1, 
t.e., for air, we obtain 


OF 
| Seng Fie ie a! 


The posterior principal focal distance is equal to 
the anterior principal focal distance multiplied by the 
index of refraction of the refracting medium. The 
posterior dioptric power is equal to the anterior 
dioptric power divided by the index of refraction— 
iD x 
n 
In formula (I) it will be seen that, i gon to 
find F, we merely divide the radius o ature of 
the refracting surface by the inde Se denser 
medium less 1. Having found or s easy to find 
F’ and the dioptric powers. 


EXAMPLE. A convex foe having a radius 
of curvature of 8 On ts, separates air from a 
substance having of refraction of 1.336. 
Substituting thes ei: in formula (I) we have 


ene i = 2930 mtn; 


and PS 3 2 mm. ¢ 1.336 — 31,7968 mm. 
so 
4) 
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Suppose this same surface separates air from 
water, which has an index of refraction of 1.33 or 
ty. When F is 3, F is 4, that is, F’/F equals 44 or 
1.33. The difference between the two is the radius 
of the refracting surface or 8 mm. Now in order 
to obtain two numbers which shall be to each other 
as 4 is to 3 and whose difference is 8, it is only 
necessary to multiply 4 and 3 by 8. Hence F’ will 
be 4 X 8. or 32 mm, and F will equal 3 x 93. or 
24 mm. 


Figure 37. xe 


If the medium is glass, sc of re- 


fraction of 1.5 or 34, and has thesdme radius, then 


F = 3 xX 8 or 24 mm. and F X 8 0r 10 mMm- 


Image formed by ag e Refracting Surface. 
An object-point at L zure 37), being situated 
on the principal axis, Qyill form an image somewhere 
on the principal . Another object-point at A 
should form 1 age on the secondary axis which 
passes thrdigyr A and the center of curvature, C, 
and at tke same distance behind the latter, since L 
and A considered to be the same distance from 
nce we have only to draw a straight line 


S + 
N A through C and mark upon it the length f 
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from the point where this line cuts the surface in 
order to find the point A’, which will be the image- 
point of A. The same takes place for B and for all 
points between A and B. 

Each object-point gives off an infinite number of 
rays, forming a cone, and Figure 38 illustrates how 
the lines AA’, LL’ and BB’ become the axes of 
cones of divergent rays which, after refraction, unite 
and form the image-points. 


ee 38. xe 


The image is inverted relative to th ject and 
geometrically similar to it. AB an ’ are cor- 


responding sides of two RO whose 
angles are equal. Hence ae the size of the 
image we write O 
vreo 
EGC 
Let the objeK pe designated by O, the image by 
HECO S a by g’, we have 


+ T Oo’ 
we ee ee Gk. SLY 


$ 
O 
4? 
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In order to find, by construction, the image 
formed by a spherical surface we have only to draw 
certain lines of direction from the extremities of 
the object, bearing in mind their direction after being 
refracted. 

Let LA (Figure 39) be the extremities of an ob- 
ject, designated by O, placed before a spherical sur- 
face SS. If we can find the image-points of the 
extremities of the object we shall have the extremities 


S A 


Figure 39. K 


of the image. Since L lies on the @rincipal axis its 
image will be formed somewl on the principal 


axis, and we have only to eR iere the image of A 


is formed. 

One line of eA a ray from A 
parallel to the axis y@), after refraction, be made to 
pass through the rior principal focus, 0’. An- 
other ray, pa: X through the center of curvature, 
C, will corie in a straight line. The point A’, 
where thép lines cross, is the image of A. Still an- 
other Ki of direction, passing through the anterior 
f SY, will be parallel to the axis, after refraction, 
N meet the other lines in A’. A perpendicular 


ne au 
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dropped to the axis at A’ will cut the axis in L’ 
which is the image of L. 

Designate the object by O, the image by I, the 
distance from L to ® by l, and from I’ to ® by I’. 
The triangles A®L and HÖS, SPH and L’@’A’ 


give us 


from which we derive 


a ORR ie ea 


a most useful formula for the conjugate foci. 

We call the object-point and the image-point, L 
and L’, conjugate foci, and the distances f and f’, 
which separate these two points from the refracting 
surface, conjugate focal distances. One is cg@mpnly 
called the first or anterior conjugate fo 
and the other the second or posterior ¢ 
distance. 

When the object-point L lie Q finite distance 
in front of ®, L’ should be een O and tand f 
are positive. The plus sign Ws given to f and f’ as 
long as the object and nok are on opposite sides of 
the bounding surfa iF the image and object are 
on the same sid- the refracting surface, f or f 
takes the i 
Since 
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l is positive as long as f is greater than F, and nega- 
tive when F is greater than f. The same is true for 
’ in respect to the relative distances of f and F’. 
When / or I’ is positive it is measured from ® or Ọ 
on the side away from the surface; when they are 
negative they are measured from ® and © towards 
the surface. 


EXAMPLE. L being 250 mm. in front of a convex 
spherical surface having a radius of curvature of 
5 mm., F and F’ being respectively 15 and 20 mm., 
by formula (III) we have, since 1 = 250 — 15 = 235, 


ELESE S20 == 300. 
i "235 X12 = 300 


Therefore, if /’ = 1.2 mm., L’ is situs FE + / 
— 20+. 1.2 == 25.2 mm: behind t irface. If 
the object-point is situated at this in the second 
medium it will produce its image O mm. in front 


of the surface. 

If the luminous einige MBean nearer than ® 

the rays must diverge@fer refraction. Suppose 

L lies at a point I m. in front of the surface. 

Then l = —5, a ith the same surface we have 
O*5 x —60 = 300 

Therefore — —60 and 


oO 


— F = y = — 40 — 20 = — 60 mn. 


T 


REFRACTION BY A SPHERICAL SURFACE. 79 


and —40 for f’ indicates that L’ is situated on the 
same side as L, that is, in the air, 40 mm. in front 
of the surface. When the object-point is on the 
surface itself the image and the object coincide. 

For the size of the image we may say 


eg 
l 
and A cE FE aurea (Ce 
a 
F’ 


EXAMPLE. Size of the object, O, 12 mm.; dis- 
tance of the object from the surface, f, 1000 mm.; 
radius of curvature of the surface, R, 5 mm.; pos- 
| terior principal focal distance, F’, 20 mm.; an rior 

principal focal distance, F, 15 mm. W 

By formula (III), knowing that l = — 15 

= 985 mm., we find that /’ = .304 . and the 
image is forced at a distance F Mon eee es 
mm. + .304 mm. = 20.304 ne Gy d the surface. 
We now have the size of th Sopject, the values of 
Po Tandi Theseo Q: image can be found 


by formulæ (IV), O) 
Vý 


— 
| 
ma 
(0e) 
5 
5 


a 

or N 

i "= 18 mm. 
ss 

a) 
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and by formula (a, page 75). 


12 X 15.304 


1005 


When the rays are incident at ® they are parallel 
to each other after refraction. Rays from an object 
closer than F are divergent after refraction and can- 
not meet; they form a virtual image by being pro- 
longed backward as in Figure 40. Calculation may 
be made from formule (III) and (IV) by using the 
negative sign properly. 

The image increases in size and recedes from the 
surface in proportion as the object approaches. 

When the object lies in the second medium, at a 
distance closer to the surface than F’, the same con- 
struction can be made as in Figure 4 he image 
will be virtual and is formed by oe the rays 
backward in the same manner. 

When the rays are rende% convergent, as in 
Figure 41, f is then negat because the object- 
point is situated at L $yh@fe the convergent rays 
would meet if e that is, virtually behind 
the surface on the side as the image. In order 
tosfind L it BN com to give the negative sign 
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EXAMPLE. Let F’ equal 20 mm., F equal 15 mm. 
and suppose that the rays which strike the surface 
converge to a point L, situated 250 mm. behind the 
surface; f is then minus and equals —250 mm. The 


formula Ii’ = FF’ being used, we have l == —250 — 
15 = —265 and we know that 

FF- = 300 
and 


—265 X —1.13 = 300 


Having found I’ to be —1.13, f? must there- 
fore be 1.13 mm. less than the posterior principal 
focal distance (20 mm.), or 18.8 mm. 

Invert the case and make L’ the object. The 
rays, after refraction, diverge as if ame from 
L, where a virtual image of L’ is for@gd. 


Cardinal Points and Planes ¢ a Single Refract- 
ing Surface. According to Y theory of Gauss, if 
we assume that the ligh Ms are very small, and 
therefore close to the @gs, a single refracting sur- 
face becomes a systeyp, consisting of 4 cardinal points, 
all situated on t incipal axis, and 3 planes, per- 
pendicular to We axis, at 3 of these points (Figure 
42). 

1. PesncrpaL Point, H. The principal point 
is sit@aytd at the intersection of the bounding sur- 

with the optic axis. A plane passed through 
Ñ perpendicular to the optic axis, is the principal 
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plane. The plane, then, takes the place of the curved 
surface, and from it are measured the principal and 
conjugate focal distances. 


2. First Principat Focus, ©. All rays emanat- 
ing from the first principal focus are parallel to each 
other and to the principal axis after having passed 
through the surface. Parallel rays incident in the 
second medium are brought to a focus in this point. 
A plane passed through ® perpendicular to the axis 
is called the first principal focal plane. Rays of light 
diverging from any point situated on the first prin- 
cipal focal plane will, after refraction, be parallel to 
each other and to the secondary axis from which they 
emerge. 

3. SECOND PRINCIPAL Focus, ®’. The second 
principal focus is the point where are focu ays 
which were parallel before striking the syfface. A 
plane at this point, perpendicular to & axis; is 
called the second principal focal On All rays 
parallel to a secondary axis wil focused in the 
second principal focal plane eer being refracted 
at the surface. 

4. Nopat Point, Ks Cire nodal point is the 
center of curvature o surface. All rays directed 
toward it pass th toh without being deflected. All 
straight lines p LO from the object to the image, 
must, theref ; O as: through it. 


TAE oregoing rules find the image-point of 
a > point on the axis. 
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In Figure 42 let L be the object-point, ® the first 
principal focus, ® the second principal focus, HH’ 
the refracting surface or principal plane, and K the 
nodal point. An image of the object-point, L, must 
be formed somewhere on the principal axis. If we 
can find the direction of another ray from L, the 
image-point of L will be located at the intersection 
of this line with the axis. 

Take the ray LH’, which passes through the first 
principal focal plane at O and the principal plane 
at H’. If O be considered a luminous point the rays 
emitted will be parallel to one another after having 
passed through the surface, and, moreover, parallel 
to the direction of the ray OKP drawn through K. 
The ray OH’ may evidently be regarded as coming 
likewise from O. Hence it will be p el to -OP 
and directed toward Q. The ray meets the 
principal axis at L’ which is the Ree oi L. 

The same may be found Qeans of the next 
figure (43). AS, which p hrough 9, is parallel 
to the axis after having een refracted at the surface 
PES bis ray zonik parallel to the principal 
axis until it crosse secondary axis, AT, at A’. 
A’ is the imag of A. The ray AH’ may also 
be used. Cc y, being parallel to the axis, will 
be so refrattéd at the surface H’ that it will pass 


throug 


we 
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Figure 42. 
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Passage of Light through a System of Several 
Refracting Surfaces. There exist for every optical 
system, composed of whatever number of refracting 
surfaces whose centers are all situated on the same 
axis, three pairs of cardinal points, all situated on 
the axis, and two pairs of planes passed through 
four of these points perpendicular to the axis. Just 
as for a single refracting surface there are two prin- 
cipal focal points and planes; but instead of one 
nodal point, one principal point and one principal 
plane, there are two of each. The usefulness of 
the cardinal points and planes, according to the theory 
of Gauss, will be considered in the proper place. 


it 


O 
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CHAPTER VI. 


LENSES: 


A lens is a transparent body bounded by two 
surfaces, at least one of which is of such curvature 
that rays of light passing through will be made to 
converge or diverge. A lens may have a convex 


| XA 


Figure 44.—Sections of lenses. XS 


1, Planoconvex, 2, Biconvex. 3, ConestgeQiver 
4, Planoconcave. 5, Biconcave. 6, Coney ncave. 


1 2 3 


spherical, concave spherical, OR cylindrical or 
concave cylindrical surface, Sih the other surface 
plane; or the other sur lags, ay also have any one 
of these forms. 


Lenses are plan ex or planoconcave, that is, 
with one side pl d the other side convex or con- 
cave; bicony biconcave, when both sides are 


convex or cantave; concavoconvex and convexocon- 


cave eGiscus, periscopic ), when one side is convex 
oth 


and t er is concave. 


oS (87) 
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Infinitely Thin Lenses. For simplicity, we shall 
consider at present the lens to have negligible thick- 
ness and that the pencil of light is axial and thin. 
The thickness of the glass being disregarded, the sur- 
faces, the principal points and the nodal points are 
all situated at the point where the principal axis 
passes through the lens. From this point all dis- 
tances and lengths are measured. 

The infinitely thin lens under consideration is sur- 
rounded by air, the index of refraction of which is 
l, and we have only to consider the index of refrac- 
tion, n, of the lens substance. Designating the radius 
of the first surface by R and that of the second sur- 
face by R’, the formula for an infinitely thin lens is 


ae R’ 


R 
aa RTH SS 


negative sign when concave. I convex lens F is 
always positive; in a ree F is always nega- 
tive; and in a meniscus Iégs“¥ is either positive or 
negative, depending on Wether the convex or con- 
cave side predomina 

In the planeg@ivek or planoconcave lens the 
radius of the ley surface is infinite and is not con- 
sidered, so O formula becomes 


R taking the positive sign ix RF and the 
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which is the same as the formula for the principal 
focal distance in air for a single refracting surface. 
This is the only formula necessary to remember, be- 
cause if the focal distance is found for each surface 
it is only necessary to add the reciprocals of these to 
find the power of the lens. 


Refractive Power of Lenses. Diopters. The re- 
fractive power of a lens, which is expressed in di- 
opters, is inversely proportional to the focal distance 
measured in meters. 


or 


F = 


o= 


where D expresses dioptric power. A eg ating 
a focal distance of one meter has a pong 


1 meter 


xO 
PEA dioa 
If the focal distance is w% er it will have a 


power of 14 or .50 D, lens of 1⁄2 meter focal 


distance will have a er of 2. D, 


The formula ae e planoconvex or planocon- 
cave lens may, theséf 


eS MAR Re 1 
we = ~ R meters 


ore, be written 
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and if D’ is the power of one surface and D” the 
power of the other, the dioptric power of any in- 
‘finitely thin lens is the sum of the powers of the two 


surfaces, 
DaDa | 


EXPERIMENT to find the Principal Focus of an | 
Infinitely Thin Convex Lens. Set up a convex lens | 
on the optical bench and face it toward a distant 
object. Adjust a screen behind the lens at the place 
where the clearest image is formed. The image is 
real and inverted. Measure the distance from the 
screen to the lens; remove the screen without dis- 
turbing the saddle-stand, and prove by parallax that 
the distance is correct. This is the direct method of 
finding the principal focal length of a ç 

Set up a plane mirror on one sid 
the lens, and on the other side a perforated | 
object-screen so that the rays, being reflected 
by the mirror, pass pda lens a second time 
and are focused on Peg n beside the luminous 
object. 

It will be found {@t the screen is exactly in the 
principal focal pl Figure 46) and the rays, being | 
parallel after | We, the lens, are returned as parallel | 
rays by hBr, M, and consequently brought to 
a Sai principal focal plane of the lens. The 
distag rom the mirror to the lens does not affect 


thasssult. 
N 


and facing 
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Figure 45. 
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Conjugate Foci of an Infinitely Thin Lens. Let 
L (Figure 47) be an object-point, L’ its image, 
O the point of incidence and C the center of a lens. 
If the aperture OC be considered a prism of small 
angle, the deviation of the ray may be considered 
constant. Let AO be a ray of light parallel to the 
axis of the lens. Make the angle AO®’ equal to 


Figure 47. 


LOL’; ©’ will then be the principa us for this 


lens. Since the deviation, d, is co and, because 
LOG = AGH LC 
i OEC SOC 


or, since the angles are Ory small, 


. © 
E> C E 
IN Be CLs S208" 
ON 
Dividing bæ sides of the equation by OC and call- 
ing CA f’, CL = f, and CY = F it follows that 


Sti 


ee a E e e m ei A e 
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For the concave lens we have (Figure 48) 


d = OL’C — OLC =09@'C 
or 


and finally 


Figure 48. 


in which F = the principal focal o the 
first conjugate focal distance and f’ ne second 
conjugate focal distance. 

If the distances f and f’ are Q in meters, and 
if D’ expresses the dioptric pote Of f, D” the power 
of f’, and D the power of th@ens, the formula may 


be written 4) 
OP =» 


That is, the suno the dioptric powers of the con- 
jugate focal Gyances is equal to the dioptric power 
of the lens ae same formulz were used in Reflec- 


tion ( WO). 
> 
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EXPERIMENT to find the Conjugate Foci of an 
Infinitely Thin Convex Lens. Set up a convex lens 
on the optical bench and place a luminous object. at 
some distance beyond the principal focus. Carefully 
adjust a screen on the other side of the lens at the 
place where the clearest image is formed. Measure 
the conjugate focal distances, f and f’ (Figure 49), 
and calculate by the formula 


Niece Bass 
a es 

The object and the image both take the plus sign, 
being on opposite sides of the lens, and the image is 
real and inverted. The screen and the a may be 
interchanged with the same result. eG pins in- 
stead of the screens and prove oP eA Calcu- 


late by the formula D’ + D” 


EXPERIMENT. Set ü oe object so that 
its distance from the es exactly twice the prin- 
cipal focal distance, oN Figure 50. Find the place 
where the ima OS ed. It will be found that 
the Da Wi 


tances are equal (f = f’). 
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Figure 49. 
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EXPERIMENT. The Relation of Size between the 
Object and Image formed by an Infinitely Thin Con- 
vex Lens. Repeat the first experiment for finding 
the conjugate foci. Measure the distances f and f, 
and the size of the object and of its image. 

Let A (Figure 51) be a point not situated on the 
principal axis of the lens. In order to find the image, 
it is necessary only to draw, from A, the ray of 
direction which passes without deviation through the 


center, C, of the lens. Another ray, Ao, parallel to 
the axis, passes, after refraction, through the pos- 


terior principal focus, ©’. The point A’, where these 
two rays intersect, is the image of A. 

The perpendicular dropped to the axis, A’L’, 
the image of AL. Signify the size of theyobject i 
O and the size of the image by I. F © X similar 
triangles can be deduced 

N 


oT: ® 
ope gf “er 


f'o 


f 


from which is obtained 


Be 
x 
Cree 0, 
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As in a single refracting surface, the distances 
from the object and from the image are positive as 
long as they are on opposite sides of the lens, and the 
image is real and inverted. 

Repeat the experiments for conjugate foci when 
the image is smaller than the object; when it is 
larger; when it is the same size. Verify the formule 
in each instance. 


E 
R 


N 
3 


98 OPHTHALMIC OPTICS. 


EXPERIMENT. The Virtual Image by an In- 
finitely Thin Convex Lens. Place a pin or other ob- 
ject between the convex lens and its principal focus. 
On the same side of the lens erect another pin, as 
the image finder. Looking through the lens from the 
other side adjust the image finder by the method of 
parallax in the place where the image appears to be. 
The image is virtual and appears to diverge from 
where the rays would meet if projected backward, 
as in Figure 52. 

When both the object and the image are on the 
same side of the lens, either one or. the other is 
negative and it takes the minus sign. Calculate by 
the formule for conjugate foci, using the negative 
sign for the image. 


EXPERIMENT to find the Pe of an 
Infinitely Thin Concave Lens. Pla @ concave lens 


on the optical bench and face it t d a distant ob- 
ject. On the same side of t ns as the object, 
erect a pin as the image . Looking through 


the lens, adjust the imag finder by parallax until it 
coincides with the positia of the image. 

The rays, after action, diverge as in Figure 
53 and the rays @om the image appear to diverge 
from the noir the refracted rays would meet 
if projecte ckward. The image is virtual and the 
posterids@rincipal focus, ®’, lies in front of the lens. 


The e formule are applicable for the concave -~ 


Ns for the convex except that F is negative in 
hè concave lens. 


em 
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Figure 52. 


$ 


EXPERIMENT to find the Conjugate Foci of an 
nfinitely Thin Concave Lens. With the concave 
ns and an object-pin placed on the optical bench 
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WS 
} t some distance from the lens, adjust another 
X rmpin by parallax to coincide with the image as seen 
F Pie the lens. Measure the distance of the ob- 
X Yject and of the image from the lens and calculate 
Q) Hy the formula for the conjugate foci. 
N 
5 
N 


In the formula, f’ always has a negative value, 
i.e., the image and the object are always situated on 


< 
Oy 


Figure 54. & 


f 
| the same side of the lens. Mogae f and f’ increase 
| 
| 
| 


and decrease together as mage and object ap- 
proach the lens or reced Krom it: 
Let the negative & distance, ®’C, Figure 54, 


be equal to 10 mA 10 diopters, and let the dis- 


tance of the , f, equal 50 cm. or 2 diopters. 
| By the for mi —)” = D we say, since Dis 
negative, 
ey COD = 2D 12 


Serene of the virtual image from C (f), hav- 


A a dioptric power of —12, is 8.33 cm., and is on 


Ò 
o 
Di 


> 


AO 
wl 
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the same side of the lens as the object. The image, 
by a concave lens, is always virtual and erect; the 
first conjugate focal distance is always greater than 
the second; and the image is always smaller than 
the object. The ray ACN passes through the lens 
without deviation, because it crosses through C. The 
ray AB, parallel to the axis, passes in a direction as 
if it came from the second focus, ®, and is directed 
toward O. 


The Combination of Infinitely Thin Spherical 
Lenses. If a lens is placed in apposition to another 
the strength of both is evidently combined. If the 
focal distance of the first lens is F” and the focal 
distance of the second is F”, we have 


or, if expressed in diopters, ES 
Di D S OS 


where F is the principal fo listance, and D the 
power, of the combinatio 

Combining a lens Ong a focal distance of 
+166 mm. with AS of +250 mm. we obtain 


Q Eal 


„O + 
O e ee T00 
O 


or A 
we 6D+4D=10D 


oh 


© 
| wl 
SN 
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That is to say that both together act as a lens hav- 
ing a positive focal distance of 100 mm., or a power 
of +10 diopters. The same is true of three or more 
lenses. If a convex lens is added to a concave lens 
they partially or wholly neutralize each other and, 
instead of adding, the lesser is subtracted from the 
greater, and the sign of the greater predominates. 


EXPERIMENT. Set up two lenses, close together, 
and prove the foregoing; first, with convex lenses, 


Figure 55. ~\ 
x$ 


and then with a convex combined 1 a concave 


lens. Separate the lenses, and.t accurate meas- 
urements of the separation IG ae change in the 
focal power. When the QX are not in contact 
their separation must b ken into account. 

Take two lenses, æ añd B, Figure 55: A has a 
focal distance AQ’ ’; B has a focal distance F”. 
The parallel ra Cem the left would be refracted 
by A towardgitJfocus, ©’; and at a distance AB =f, 
behind th s A, they strike the lens B. Up to 
this thesNstill converged toward ©’, which is no 
long separated from B by the distance F’, but by 
EQS t. The convergence of the rays, when they 


SÀ 
ao 


| o% 
P 


O 


AČ 
Y 
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reach B, is expressed by 1/F’.— t, because they 
strike B as though from a lens with a focal distance 
of B®’, That is, the power of the rays, which are 
incident at B, is 1/B®’. This is fully explained in 
the discussion of light pencils (page 15). The com- 
bination of the two lenses gives 


1 Pe el 
pea ae Fe 
or 
1 1 1 
Be | F Fe 


where Fe is the distance from B to the principal 
focus, of the system, and 1/Fe is the effective 
power measured from the second component of the 


combination. 
Suppose F’ equals 250 mm., F” equal ge mm., 
and the separation is .50 mm., then 


xO 


250-50 166 BK 6 90 


That is to say that the Qoal focus of the com- 
bination lies at a Lista? of 90 mm. behind B. 
The same may Orked out in diopters in this 
way: the focal En of A is 4 diopters and its focal 
distance is 250%ẹfm.; but as B is 50 mm. from A, 
and therefo: C200 mm. from ©’, B receives the rays 
as tho ey came from a lens with the focal power 
of RÝ 5 diopters; and the power of B (6 D) 


3 
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added to the power of the rays from A equals 11 
diopters effective power at the second lens. 

Combine a convex lens (A, Figure 56) having a 
focal distance of F’ with a concave lens, B, having a 
focal distance —F”, and separate them by a space t. 

The parallel rays are refracted by the lens A 
toward ©’, but on reaching B the convergence of 
thertays is °/ == t+ Tbe rout is, letting Po 


250 mm., F’”” == —166 mm. and t = 50 mm, 
i ei ae ee] 
250-50 166 976 


Figure 56. 3S 
& to a concave 


m tron, or <a 


That is, the combination is equiv 
lens with a focal distance of 97 
negative power of about 1. rat 3B. The fays, 
parallel before reaching thé&ens A, take such a direc- 
tion that when epics BNAhey have the power of be- 
ing bent toward 9’, therefore a focal distance 
of B®’; on leavit — ey take a direction as though 
they came fro oint 976 mm. in front of B. 
With a ce of this kind the direction of the 


rays can} 9 shifting the position of the lenses, be 
varied OW This is the principle of the Galilean 


tele 


and of many optometers. 
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Combine a convex lens of F’ = 100 mm. with a 
concave lens of —F” = 50 mm. When these lenses 
are brought in contact we have 


1 ee 1 


100 = 50 = 100 
or 
0D. = 1065 


When they are separated by t = 50 mm. we have 


1 1 1 1 


= = — — — = 0 


oo 20. 0 50 


that is, they neutralize each other. When they are 
80 mm. apart 


a E 2 
o Sb =. DS 8S \\ 
or “S$ 
HD = 20-0 © 


When the rays come from the sid Oihe concave 
lens the formula is necessarily a. 


Cylindrical Lenses. A rs lens is one 
which, being the eut o cylinder, has refrac- 
tive power in all meio except one; this one, be- 
ing perfectly plane, alled the axis of the lens. 
The full strengt @ the lens is in the meridian of 
greatest ea “at right angles to the axis, and 


this and thes are called the principal meridians. 


A so. may be convex or concave. 
WherN ylinder is combined with a spherical lens it 
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is called a sphero-cylinder. A sphero-cylinder may 
be a combination of a convex cylinder and a convex 
spherical lens; concave cylinder and concave spheri- ` 
cal; or the combination may be of cylinder and sphere 
of opposite denomination. In the latter case it is 
called a mixed cylinder. 

EXPERIMENT to find the Focal Line of a Plane 


Cylinder. Set up a convex plano-cylinder (about 
5 D) on the optical bench and find the place where 


Figure 57. 


the clearest image of a small circ ae is formed. 
This image will be found to be of (L’, Figure 57). 

A cylinder has, in the n of greatest curva- 
ture, the same action & deviating power as a 


spherical lens of the curvature and index. 
Parallel rays efi through a cylinder will 
meet at the ES focus, forming a line parallel 
to the axis lens. This line is called the focal 
line ne liedt A principal focal distance (F) of 


the cyl al lens. 


Se Crossed Cylinders. Combine two 
rs, each about 5 diopters, with their axes 
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parallel, the result is a cylindrical lens having the 
sum of the powers of the two cylinders. Turn them 
so that their axes are at right angles to each other, 
and it will be found that the image of a point is now 
a point. This combination is called a crossed 
cylinder. Crossed cylinders of equal strength and 
denomination are equivalent to a spherical lens of the 
same focal length. 

Crossed cylinders of unequal strength form a 
system composed of a spherical portion, which is 
equivalent to the power of one of the component 


Oo 


Figure 58. «O 


cylinders, and a cylindrical portion eo! to the 
difference between the powers of OF component 


cylinders S~ 
The intersection of the 0} anes constitutes 
the principal axis of the lefty system. Repeat the 
experiment with amon: of the same de- 
nomination, but of unpa strength—one of about 5 
and the other 8 dNXčrs. Two focal lines will be 
formed, one for(e cylinder of the combination. 

If the sc is first placed close to the lens 
and then es) j i y moved away, the rays will form 
the K diffusion images shown in Figure 58. 


First NNcircle of light (not shown in the diagram), 
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— -- — M - 


then a broad oval which, gradually narrowing, forms 
the first focal line parallel to the axis of the B 
cylinder of the combination. As the screen is pushed 
farther away this line broadens to form a circle, 
then an oval in an opposite meridian, and finally it 
narrows down until it forms a second focal line at 


Figure E ee nonstration eye. | 


right angles to the & Qy. This second focal line is 
parallel to the ax d is formed at the principal | 
focal distance Nx weakest cylinder of the com- | 
bination. They istance separating the two lines is 
called thegyterval of Stürm; the whole system is 
known A tiirm’s Conoid. 

Holloway Demonstration Eye is an excellent 


> for demonstrating almost any optical 


7 2 | 
A 


ee a 
+i 


; 
f 
| 
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system, but it is especially useful for illustrating the 
three dimensions of Sttirm’s Conoid. As is readily 
seen in the illustration, the horizontal bar is con- 
sidered the principal axis of the system. Along this 
are various movable discs, cross-bars and sliding 
hooks to which may be attached the elastic cords that 
represent the light rays. 


EXPERIMENT. Cylinders with Axes at Oblique 
Angles. Set up two cylinders with their axes at an 
oblique angle. It will be found that the first and 
second focal distances are different than when the 
axes were at right angles, and the axis of the system 
will lie in a different meridian than that of either 
axis of the component lenses. Cylinders with their 
axes at oblique angles are optically equiv Sy a 
sphero-cylindrical lens. 


The power of a cylinder varies x O along 


the axis to its full power in a n n at right 


angles. to the axis. A simple ase for approxi- 
t 


mately finding the power ingaXc#rfain meridian of 
any cylinder is to take the naber of degrees of this 
meridian from the axis, @yltiply it by the power of 
the lens and divide th uct by 90 — 


Numb ONerees X power of lens 
ae 90 


Ina n aA of obliquely crossed cylinders of 


9S oth and denomination, the axis of the re- 
sult ae © cylinder is midway between the two 


@ 
ww 


O 
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axes of the component cylinders. When one cylinder 
is stronger than the other the axis will bear toward 
that of the stronger lens in the ratio of their powers, 
but the axis will always be somewhere between the 
axes of the components. When the cylinders are 
of different denomination the axis of the system 
will always lie outside of one or the other axis of the 
component lenses—depending on whether minus or 
plus sign is used for the cylindrical portion of the sys- 
tem—and at a distance from either axis depending on 
the ratio of the powers of the component lenses. The 
exact method for computing the resultant sphero- 
cylindrical lens and its axis in obliquely crossed 
cylinders has been described by Jackson, Prentice 
and others. 


Toric Lenses. A toric lens is one wi surface 
having different radii of curvature @e least and 
greatest curvatures being at boat to each 
other. Deep curved cylindric nses are possible 


only when one surface iS tid) 


Neutralization of Pris@p‘and Lenses. It has been 
shown that if an obj€@y is viewed through a prism 
it will Sa displaced toward the apex. 
At a distance ne meter a prism of one diopter 
(A) will di&&plpte an object one centimeter. The 
maximum@ppwer is in the meridian perpendicular to 
the O lines, and the deviation decreases un- 


> 


NN he meridian parallel to these, it is zero. 


N 


oS 
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Look at a line through a prism, turn the prism 
until a meridian is reached where the line passes 
through without a break and mark this with a glass 
pencil. Now turn the prism so this line is perpen- 
dicular to the object-line, and at a distance of one 
meter measure the displacement. 

Dr. S. Lewis Zeigler has devised a convenient 
scale for the neutralization of prisms, which con- 
sists of a horizontal and vertical scale adjusted to 


RARER 


Figure 60. 
measure the deviation in ogi, a distance 
of one meter. The prism is held 9 inches from 
the eye, exactly 1 meter from LD scale and carefully 
turned so that the base, seehrough the prism, is 


continuous with the bas e of the scale. Figure 
60 shows the scale when a prism displaces the 
vertical line 4 sont it coincides with the vertical 


base line. As the gumbered lines are one centimeter 
apart, the prig&pis one of 4 A. 

Theor Osiven for the approximate power of 
cylind V the meridians between those of maximum 
A N um power may also be applied to prisms. 
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If two prisms be placed with their bases in ap- 
position as in Figure 61 it will be seen that when 
looking through the point O, in a direction along the 
base line, there can be no displacement, since the 
action of one prism is neutralized by that of the 
other. If the prisms are moved so that the object is 
seen on either side of O the object will be apparently 


Se ee py a rime a 


Figure 61. 


displaced toward the apex of either prism. In this 
case the displacement will be in a direction opposite 
to that in which the prisms are moved. When the 
prisms are arranged with their apices in apposition, 
as in Figure 62, it will be seen that Y piect ap- 
parently moves in the same o that of the 


yrisms. 
| xO 


D Ger 


ig 62. 


The convex lena @ts as two prisms with their 
bases towards ay her, and a concave lens acts 
as two pris their apices towards each other. 
There is KJ ace in either of these lenses where 


there isf displacement, and this is exactly at the 


sumi OY the curve. 
Ko form of a cylinder is such that its power 


4 tes from zero along the axis to the full strength 


ol 


Sp 
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in the meridian perpendicular to the axis. In a 
spherical lens the action is the same in every meridian 
because we may consider it to be composed of an in- 
finite number of prisms, one in every meridian. 

If an-object is looked at through a convex lens, 
held at about fifteen inches from the eye, and moved 
from side to side or up and down, the object will 
always appear to move in an opposite direction to 
that of the lens. With a concave lens the apparent 
movement of the object is with the movement of the 
lens. There will be displacement of the object in 
every meridian except along the axis of a plano- 
cylinder, and, on turning the lens, a straight line 
will be bent with or against the direction of the lens 
movement, depending on whether the cylinder is con- 
cave or convex (Figure 63, f). This twistihe lso 
takes place with a sphero-cylinder. In case of 
a spherical lens there is no apparent ing of the 
object on turning the lens. 

When two lenses of opposi S aaia and 
of equal strength are placed Seether they are said 


to neutralize each other, there will be no ap- 
parent movement of an ea seen through the com- 


bination.* 
Look at a > line (edge of a window) 


through a lens; ept through the center, the line 


* This is eTii i on Aati to thin lenses of less than 9 diopters in 
p to about 4 diopters in the deep curves. Plano- 


the flat for 

convex no-concave lenses, having the same curvature and 
index o action, are the only ones that exactly neutralize each 
Ny pp. 143-144). 
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will appear to be displaced towards the thinnest por- 
tion of the lens (Figure 63, a and b). Find the place 
where the line seems to pass through the lens with- 
out a break, and mark the edges of the glass here 
with a glass pencil (Figure 63, c). Turn the lens 
90 degrees and mark this meridian in the same 
way. Draw lines through these points. The inter- 
section of these two lines corresponds to the point 
which, in ophthalmic lenses, is called the optical 
center. 


OPOP BS 


Figure 63. xO 


In a spherical lens, so long Ni line passes 
through the optical center, therg @M be no break in 
any meridian, but there AR apparent displace- 
ment in every direction o ement. 

In a See See is no apparent dis- 
placement along the @yis, and no twisting of a line 
along or perpendigur to the axis; but when ac- 


curately mark the direction of the axis the line 
passes exad{lyythrough the axis of the lens without 


a break, 

nO hero-cylinder one line passes through the 
a aN ihout a break, and another passes through 
5 perpendicular to this in the same way. 


the 


Se eee CN ee 
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Mark the lens in both meridians. An object looked 
at through this lens will appear to move in one direc- 
tion more than in the other and will appear to 
twist on turning the lens, just as in a plano-cylinder. 

Now, with the proper lens, neutralize the weak- 
est meridian. In the spherical lens all meridians 
have the same power; in the plano-cylinder the power 
is zero along the axis; in the sphero-cylinder the 


Figure 64.—Protractor. Se 


weakest meridian is the spherical espionent and will 
be along the axis of the rem@gnitf~ cylinder, which 
should be neutralized in the Qbposite meridian. 
Lay the marked lens a protractor—made for 
this purpose—so th eometric horizontal axis 
lies along the os meridian, and so that its 
optical center colag es with the center of the circle. 
The HEPA the axis of the lens can then be 


noted. O 


+ 


In Q to obviate the necessity of marking the 
lens AN author has devised a transparent pro- 


= 
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tractor which can be applied directly to the lens, 
and the axis immediately noted by looking through 
the lens and the protractor at the same time. 


Thick Lenses. In order to study the passage of 
light through a thick lens it is necessary to know the 
properties of the cardinal points and planes of an op- 
tical system. 

According to the theory of Gauss, for a single 
refracting surface there are two principal focal 
points and planes, one principal point and plane and 


© 


Figure 65. 
The cardinal points and planes of Çi system ac- 


cording to the theory of Gauss. ®, = focal points 


and planes. H, H’, principal poi planes. K, K’, nodal 
points. C) 


a center of curvature t there exist ior, every 
optical system, comg@@gd of more than one spherical 
surface whose ¢ are all situated on the same 
axis, three p N cardinal points, all situated on 

o) pairs of planes passed through four 


the axis, ar{d 
of theseGgoints perpendicular to the axis (Figure 
65). OY 

Nodal Points, K. K’. The nodal points are so 
Wied that every ray which before being refracted 


S 


“BOR. 


ODE 
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is directed toward the first, seems after refraction to 
come from the second, and takes a final direction 
parallel to that which it had at first. These two 
parallel rays are.called lines of direction and act, in 
the combined system, the same part as the line pass- 
ing through the nodal point or center of curvature 
of a single refracting surface. K and K’ are images 
of each other. 

Principal Points and Principal Planes, H, H’. 
When the incident ray, prolonged if necessary, passes 
through a point on H the corresponding emergent 
ray or its prolongation passes through H’, but the 
incident ray is not parallel to the emergent. If a 
parallel to the principal axis is drawn through the 
point at which the incident ray pierces the first yprin- 
cipal plane, the point where this line pies the 
second principal plane is in the course the cor- 
responding emergent ray or its prol ion. The 
direction of any incident ray and Q&A Wyre correspond- 
ing emergent ray pierces the fi d second prin- 
cipal planes in two points siphed on the same side 
of and at the same distan om the principal axis 
ofthe system. The s d principal plane is an 
optical image of th Kt nd vice versa. These are 
the only two opo images which have the same 
size and directida’ The two principal planes of a 
compound så m correspond to the single principal 
plane of ao T surface. 

P Nu! Foci and Principal Focal Planes, ®, 9’. 
ae foci and planes have the same property 
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as in a single refracting surface. Rays which were 
parallel before refraction are focused in a point in 
the principal focal plane lying on the opposite side 
of the system. 

The first principal focal distance, F, is the in- 
terval which separates the first principal point from 
the first principal focus. The second principal focal 
distance, F’, is the interval which separates the 
second principal point from the second principal 
focus. 


It will be seen in Figure 65 that 


PK S PSGE 


GH ÆPK = F3 ~\ 
S 


From this it follows that the re rive distance 
of each H and K of the same kids equal to the 
difference of the two focal di es 


O 
HSB aS =E 
S 


oa — KK’ 


Finally, Ao principal focal distances are to 
each other (asthe indices of refraction of the first 


and 


and 


and last şdia are to each other. 
c 
WO F F’ 
S E 
so 
Ane 
V 


O 
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or 


if n” be the index of refraction of the last medium. 
If the last medium is the same as the first and we 
have n = n” (as in most optical instruments, but not 
in the eye) the two principal focal distances are equal 
and the principal points coincide with the nodal 
points. 

The theory of Gauss was developed in 1841, and 
is a comparatively simple method of determining the 
procedure of light through a number of refracting 
surfaces separating media of thè same or different 
indices of refraction. 

With a knowledge of the principles ajdo pwn, 
and provided the position of the cardinal @ythts are 
known, it is a simple matter to trace theĝays through 
an optical system and to find the size rd position of 
the image of an object. The HoR! Gauss, how- 
ever, applies only to a centere&kop ical system and for 
rays very close to the principa? axis. These so-called 
“paraxial rays” lie wi what is known as the 
Gaussian space. \@ 

It will be ang tha the same formule which 
were used for a\sihgle refracting surface and for in- 
finitely thin Kases, may be used for finding the car- 
dinal poj and the conjugate foci of a thick lens 


or an er optical instrument. 


3 


j 
A 


120 OPHTHALMIC OPTICS. 


Optical. Center of a Biconvex Lens.. From J on 
the surface S (Figure 66) draw a line to the center 
of curvature, C’, of this surface. . From the center 
ol curvature, ©. of S draw-C” |, parallel to.xC 4: 
The planes tangent to the refractive surfaces at J 
and J’ are parallel, since they are perpendicular to 
the parallel lines C’J and C’ J’. Hence if the ray TJ 


xe 


© 
Figure 66. S 


meets the first surface at Qe angle that it fol- 
lows JJ’ in entering, ieee emerging 
ray, J’U, will be paras] Yo the incident ray, for the 
ray will thus hay€)passed through a refractive 
medium limited arallel surfaces. 

Connecti D we find, where this line cuts the 


of C which is called the optical center. 


axis, the 
+ 


E > 


e æ 
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where R and R’ are the radii of curvature of the 
first and second surfaces respectively. 

This is equal to saying that in order to find the 
point C the thickness of the lens must be divided into 
two parts which will be to each other as the radii 
Hence C is midway 
between the two surfaces of the lens when they are 


of the corresponding surfaces. 


of equal curvature, and nearer the more convex sur- 
face when they differ. 

Every incident ray, refracted by the nik surface 
in such a way as to pass through the optical center, 
emerges from the system in a direction parallel to 


NN 
sider C 


Minous ray 


its primitive one. 


Nodal Points of a Biconvex Lens. 
(Figure 66) an object-point, and CJ 
directed toward the first surface, S le ray will be 
refracted along JT and a virt@l) nage of C will 
be found where JT, prolong backward, cuts the 
axis at K. This is called He trst nodal point. The 
second nodal point, K’, {Q}aid in the same way, 
virtual image of C 


is the 
ne second surface, S’. The 
nodal points ar res of C and of each other, so 


qR 
that a ray dire C ettoward one appears to come from 


the other, G the emergent ray is parallel to the 


F Y 
o 


ae 
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Principal Points and Planes of a Biconvex Lens. 
In order to ascertain the location of the two prin- 
cipal planes it may be assumed that both of them 
are images of a common luminous plane, seen from 
either side of the refractive system. 

In Figure 67 a ray QN, parallel to the axis, will 
be refracted by the first surface, S, to its posterior 
principal focus, SP. Another parallel ray from the 
opposite side, Q’N’, at the same distance from the 
axis as ON, will be refracted by the second surface, 


Figure 67. & 
O 


S’, to its anterior principal at S’®. These rays 
will cross in a point, O,qy lies in a plane per- 
pendicular to the axis at@yé optical center. | 
Consider O a ly@nous point, and ON a ray 
directed toward hough it came from its prin- 
cipal focus, S N he emergent ray, NQ, will be 
parallel to ig axis. Another ray, OD, parallel to 
the axis Gjer refraction at S will be directed to the 
anteri cipal focus, S®. The emergent rays, 
NANA D SỌ, will form a virtual image at J where 


Ry will meet after being prolonged backward. 


5> 
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This is the image of O by the first surface. In the 
same way a virtual image of O by the second surface, 
S’, will be found at J’. 

The point O may lie anyhere in a plane perpen- 
dicular to the axis through the optical center, and 
if O has been well chosen JH and J’H’ are images 
situated in the principal planes and must be of equal 
size. 


It has been shown that 


but there is another relation. To find the location of 


C we make use of the similar triangles S®’S N and 
S®’ C O, whence we derive, designating C S% and 
the posterior focal distance of the first su AA Ir 


ONE OW a 17 xO 


CO CSP 


From the similarity of théyNangles S’® S’ N’ and 
S’® CO, if we designate @C by b and the anterior 
focal distance of aN S surface by 2f, we have 


S A Sð 2 
os Fe EEN 


TA N’ being equal to J H which is equal 
W 


to e have, according to our previous sup- 


o 


© 
@ 
w 
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ina 2f 
ea aes 
whence 
feng 
b 2f 


If we represent the anterior focal distance of the 
first surface by 1f and the posterior focal distance 
of the second surface by 2f’ we have 


a bold 
bo 28 


That is to say, that the distance of the optical center 


from the first surface is to its distance from the 
second surface, as the principal focal dj 


the first surface in air is to the princi focal dis- 


dioptric power is the reciprocal XC focal distance 
in air we may say that Q 


Ge 
where D” repres em dioptric power of the second 


surface and R’ power in diopters for the first 


surface. 
In or o find C we merely divide the thickness, 
t, into number of parts equal to the sum of the 


tw, ii and mark off the proper number of points 
ak surface. This is the same as saying 
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= R 
erp Re 
and 
eee 
RAER 


in which the focal distances, either in air or in the 
glass, may be substituted for the radii of curvature 
of the respective surfaces. 

If the dioptric powers of the surfaces are given, 
the formulz are necessarily 


—, p 
E a 
and 
TDA 
b = —— ~\ 


The distance is measured from onge ‘face toward 
the other when the result is Pashey and in the op- 
posite direction when negatiye. 

Having found O, whic considered an object- 
point, J and J’ can easilpe found for each surface 


by using the formula 
d N4 
O t= EP’ 


EXAMBL Sige? a lens, 3.6 millimeters in 
thickness Qh a power of 5 D for its first surface, 
4 DNs second surface, and 1.5 for the index of 
refr Non of the glass. 
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The point C would lie on the axis % X 3.6 mm. 
= 1.6 mm. from the 5 D surface, and 54 X 3.6 mm. 
= 2 mm. from the 4 D surface. The point O lies 
anywhere on a plane perpendicular to the axis at C. 
With O lying at a definite distance from the prin- 
cipal planes of S and S’ we may proceed to seek 
where an image is formed by each of these surfaces. 

The focal distance of S in air is 200 mm. and, 
since the index of refraction is 1.5, its focal distance 
in the glass is 1.5 X 200 = 300 mm. Therefore 


Pox = 200 SS 300 == 60000 
l = 300 — 16 = 298.4 


and / takes the negative sign because it lies to the 


surface side of the posterior principal focus, There- 
fore A 


W = —298.4 x —201.07 gs 


Since the anterior principal focis 200 mm. in 
kont of S rand I is fou be —201.07, the 


image, J, must be virtual $ at a point 1.07 mm. 
behind S. 


For J’ we proceed@y the same way, but in the 
opposite TN ds the second surface. Here 


y XT 375- = 93750 
The S omt is 2. mm. from S’, so that 


l= -3/5:-—2 = —373 


N 
IN W = —373 X —251.34 


=a — Oe ee ee — 
~ a enn 


On a 
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The sign being negative, J’ is virtual and lies 1.34 
mm. from S’ within the lens. 

In a lens surrounded by a single medium the first 
nodal point coincides with the first principal point, 
and the second nodal point coincides with the second 
principal point. 


Principal Focal Distances of a Biconvex Lens. 
-The second principal focal distance of the lens 
(Figure 68) is the point ®’ where are focused all the 


Figure 68. «O 


rays which, before entering the lens, w arallel to 
the axis. Let QY be one of these ray€)*The surface 
S alone would refract it toward J cond focus S’, 
hence Y Y” is the path taken b O) 

Oraihesiens Yis a point > 
travels after refraction. „Qy 


When a ray À first principal plane at J 


ray in the interior 
ough which the ray 


it continues its cov after refraction as if it came 
from J; on m ond principal plane—JJ’ being 
parallel to theaxis. Hence J’Y’® is the final direc- 
tion of thaCitident ray QY, and ® is the second 


princigedeus of the lens. 
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The first principal focus is geometrically deter- 
mined by the same construction, but with the rays 
in the opposite direction. 

The principal focal distances, always measured 
from the principal planes, of a lens placed in a single 
medium are equal regardless of the radii of curvature 
of the surfaces; but the principal plane of the more 
convex surface being nearer to its surface than the 
principal plane of the less convex surface is to the 
latter, it is readily seen that, while the principal 
focal distances are always equal as stated above, the 
distances of ® and ® from the surfaces are never 
equal except when these surfaces have the same 
power. 

When we imagined a lens to be infinitely thin it 


was seen that EAN 
& 


Dp D < 
in which the dioptric power Oe surfaces were 
simply added. The same ante was used to find 
the power of two Hn thin lenses placed in con- 
tact. This is usua one in practice when the 
thickness of the | or lenses is negligible, but in 
a thick lens, j S in a combination of lenses, the 
distance beyw&) the two surfaces must be taken into 
considera O 

The 


erence between the focal power of a thick 
that of an infinitely thin lens is the same, in 


le 
NNi, as the difference between the power of a 


— 
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| combination of two lenses when in contact and when 
there is a separation. 

Suppose each surface to be an infinitely thin lens, 
separated by the thickness of the glass. Call the 
focal distance of the first surface in air F’ and that 
of the second surface in air F”. We may then write 


1 Mae 
a ere 


where Fe is the distance from the second unit to the 

posterior focus of the combination. This formula 

is the same as that for two infinitely thin lenses in 

air (page 103), and it can be used for any two re- 

fracting systems where t is the distance between 

the two adjacent principal planes of the con 
t 


units; but it is first necessary to ee 


ances 
to their values in the medium wher e will be 


found. O 

In considering a thick lens A istance between 
the two surfaces on the princgpdkdxis is the distance 
between the principal nana each component, be- 
cause for a single surfagd@pere is only one principal 
point and it = AN atersection of the surface 
with the axis. Nicipal points, in the lens, are 
; separated by “8 nstead of air, so that the index 
| of retraction of the glass must be taken into consid- 
| eration. TO Petuced distance, t, which signifies the 
dista ween the principal points of the com- 
pone NN a system in air, now equals 
| 
| 
} 


Spee a 


nesta 


EE een ear ee 


9 
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d 


n 


in which d is the distance between the two surfaces, 
and n is the index of refraction of the glass. 

Take the lens in the last example in which the 
thickness is 3.6 mm., the index of refraction is 1.5, 
first surface is 5 D and the second surface is 4 D in 


power.. Here 


Oh S r 


3.6 


t aos es 2:4 mm, 


aif Sa 


That is to say that the thickness of the lens is 

equivalent to a distance of 2.4 mm. in air. } 

If the 5 D side of the lens is called the front | 
surface and parallel rays be incident on thig side we 

may write, since the focal distance of Mn sur- | 

face is 200 mm. and that of the back @yrface is 250 | 

| 

| 

i 


mm., 


1 1 xO; 
20—24 ' 238) 110.36 


The principal focus @this lens, measured from 
the back surface, lies@t a distance of 110.36 mm. 
But the principa distance is measured from the | 
principal point this, for the side of the lens being ' 
considered, T found to be 1.34 mm. within the i 
lens, so {G$ the principal focal distance of our lens 
is ee 1.34 = 111.7 mm., a power of 8.952 D. 


Whe light is incident at the back surface (4 D 


oe l 
J the equation must be written 
>` 
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1 1 1 
ee a ee 
250 — 2.4 200 110.63 


In this case the principal focus in front lies at a 
distance of 110.63 mm. from the first surface. The 
first principal point is within the lens, 1.07 mm. from 
the first surface, and the principal focal distance, 
being the same on either side, is 110.63 + 1.07 = 
IL mm. or 8.952-D. 

Gullstrand’s formula for the dioptric power of 
two refracting units is 


D — D’ -H Dr =n BPD 


where D is the dioptric power of the combined sys- 
tem, D’ the power of the first refracting rA p” 


that of the second and t the distance beige the 
two adjacent principal points of the co Qent units 
in air. Substituting the values of ens in this 
formula, giving the reduced thic , t, in meters, 


D = 5 +4 — 0024 X: 4 = 8.952 


When another lens is added the combined power of 
the first system is co red a unit and the added 
lens another unit W this way the power of any 
number of comgofdhi systems may be calculated. 
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Conjugate Foci of a Biconvex Lens. Having 
found the principal points and principal foci of a lens 
it is easy to find the conjugate foci, and also the re- 
lation between the sizes of the object and image 
formed by a lens. 

Let H and H’ be the principal points of the 
lens (Figure 69), ® and ® the principal foci, and 
L an object-point situated on the axis. Draw a ray 


Figure 69. Q 


LJ which cuts the focal plane xO and the first 
principal plane at J. Draw arallel to the axis. 
J’ is the first point of dłgeċtfon for the emergent 
ray. Suppose A to be a (ninous point. One of the 
rays from A may be ected to the first principal or 
nodal point and it Wiass out of the system, appear- 
ing to come fro ’, but parallel to AH. The point 
A, being sit Nin the focal plane, all rays emanat- 


ing fro Ao after refraction, be parallel to 
each 9 E and to AH. AJ being considered as one 
rays, J’L’, parallel to AH, is the final direc- 
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tion of the ray, and L’ on the axis is the image 
of L. 
The formule 


El as 
To ae ae: 
Diy esa 

i’ = FF’ 


may be used in the thick as well as the thin lenses 
except, of course, that the distances are measured 
from the principal points. 


EXAMPLE. In the convex lens of 111.7 mm. focal 
distance or 8.952 D power, the first principal point 
was found to be 1.07 mm. from the front surface, 
and the second principal point was 1.34 from 
the back surface. They were both witi@g’the lens. 
If an object is placed at a distance 000 mm. in 


front of the first principal point Bou find 
eerie: 
1000 O` 1117 


1000 


or 
L Dees D” = 8.952 D 


that is. te Nim. and D” == 7.952. diopters. 

This means t the image is formed at a distance 

of 125.79" . behind the posterior principal plane 

and, RN ore, 124.41 mm. behind the back surface 
ns. 


of 


oS 
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Size of the Image formed by a Biconvex Lens. 
Let AL (Figure 70) be an object situated in a plane 
perpendicular to the axis. Its image will be like- 
wise situated in a plane perpendicular to the axis. 
In order to find the point where the rays from A are 
focused draw the line of direction AH. The image 
should be situated on the line H’A’, parallel to AH. 


Figure 70. Q 


Another ray given off from A, pe) el to the axis, 
pierces the first principal pla J, the second at J’ 
and emerges following ®Y A? The point A’, in 
which these two rays int@éct, is the image of A. 
Erect the perpendicula@jyand A’L’ is the image of 
AL. Another ra g from A, passing through 
the first pee cus, will meet the first principal 
plane at B, s9 on to the second at B’ and out of 
the lens pagel to the axis through A’, 


O 
AS 
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As to the size of the image, on making 


AL = 0 
AL- 
BPA- = 4 
EHS 
LD = 
BANE A 
HOSE 
K e 


Uee EE; «O 
R) & 
f g% 

r2 E 

and S 

Se 
as for the RA thin lenses. 
g 
C 
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Biconcave Lens. The cardinal points of a bi- 
concave lens are determined in the same way as are 
those of the biconvex lens. The foci of the first 
surface as well as those of the second are virtual, 
and therefore all the focal distances are negative. 

The optical center is again found by drawing 
two parallel radii to the surfaces and connecting 
these points. Where this line crosses the axis is the 
optical center and lies within the lens. 


Figure 71. & 

The formule and constructs the biconcave 
lens are the same as those QY biconvex. Since 
the focus is always on oa side as the real ob- 
ject (Figure 71), and Ahérefore virtual, it must be 
considered posterior measured from the pos- 
terior or second cipal plane. 


Planocony€x “and Planoconcave Lenses. The 
optical cenger, first principal point and first nodal 
point cient at the summit of the curved surface. 
Then principal point is situated in the in- 
terNAf the lens. 
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Menisci. To find the optical center of a meniscus 
lens draw the parallel radii C’S and C”’S’ (Figures 
72 and 73). A line (JJ’) drawn through the points 


Figure 72. 


where these radii intersect the surfaces will cut the 
axis in the optical center. Considering the ray JJ’ 
as if passing through the optical center, C, the in- 


& 


a 73: 


cident ray TJ, Q emergent ray J’U are parallel. 
The incidento} y, prolonged if necessary as in the 
-N ve, cuts the axis in the first principal 


or no oint. The emergent ray, prolonged if 
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necessary, cuts the axis in the second principal or 
nodal point. It results that the optical center and 
the principal points lie in front of the lens in the 
concavoconvex, and behind the lens in the convexo- 
concave. All values for menisci are found by the 
same formule as for the other shapes. | 


Power of an Ophthalmic Lens. The principal 
focal distances of a lens are measured from the prin- 
cipal points, the anterior focal distance from the 
anterior principal point and the posterior focal dis- 
tance from the posterior principal point. It has 
been shown that, for a lens in a single medium, the 
anterior principal focal distance is equal to the pos- 
terior principal focal distance. The reciprocal of 
focal dis- 
ens. This 


shape of the 


either the anterior or posterior princi 
tance is called the equivalent power o 
power varies with the thickness 


lens. 
The distance between t a Srincipal focus and 
the surface of the lens Q corresponding side is 
called the focal intercgNy and the reciprocal of this 
distance is called Bs effective power of the lens; 
that from the a r focus to the first surface be- 
ing the fronfQWCal distance, and from the second 
focus to cond surface being the back focal dis- 
tance (EF pages 128-131). 

Tey power of a lens, measured from the surfaces, 


Yas Called Scheitel refraction by von Rohr and is 
own as vertex refraction. Vertex refraction, there- 
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H H’ 


HH’ “S 


V 


Figure 74. 
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fore, is the effective power of a lens from the vertex 
or intersection of the surface with the axis of the 
lens. 

If we suppose the lens to be infinitely thin there 
is no difference between the principal focal distance 
and the focal intercept, but in thick lenses or the 
deep menisci this difference is at times an important 
factor (see Figure 74). 

The formulz generally used for the approximate 
effective power of a lens are 


B -+ DA -+ t p”2 
from the first surface, and 
P: +. De -H t D’/2 
from the second surface. \ 
Take the same lens as was used io r previous 
examples (page 125) in which ound that the 


equivalent power was 8.952 D. 
in the above formula, and 


lacing the values 
“h the proper value 
fort; the effective pow€r) this lens, measured 
from the front sures 


5D + 4D +, Qp6/15 x 4 XK 4 = 9.0384 D 
and from th em surface 
SDAD 0036/15 X5 x 5 = 9.06 D 


These @ifferences are so slight that they are neg- 
ligibl@» 

STH the planoconvex and planoconcave lenses H 
YY on the curved surface, and H’ about 1 the thick- 


IAN 


O) 
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ness within the lens. The back focus of the plano- 
convex lens is closer to S’ than the front focus is to 
S; the same is true of the planoconcave (Figure 
74). In this case, as well as in the ordinary oph- 
thalmic biconvex and biconcave lenses, the differ- 
ence is extremely small. In the higher powers of 
the deep curved lenses the difference between equiva- 
lent and effective power cannot be neglected, and 
this difference must be taken into consideration when 
ordering lenses of various shapes. 

Take a lens of the same thickness and index of 
refraction as in the last example, but D’ == +15 D 
and D” == —6 D, and find the equivalent power. 
Here 

D’ + D” = +15 — 6 = 4+9 D 


and O 


t/nD’D” = .0036/1.5 X —90 = — 2160) 


so that O 
HED- e NT 


By the formula for the Foye refraction at the 
first surface of this lens, ses 7e 


fe 1) 36 Dok nse GI 6X 6) = + 89136 D 
and for the back OPPpower 
PIS [yo 6 RO 0036/1.5 X (+ 15 X 15) = 9.54 D 


a differ LO more than .62 D between the back 
focal ` r and the front focal power. 


> 
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The same result will be found by the formula 


as used for two infinitely thin lenses (page 103) or 
for a thick lens (page 129). 

Suppose this lens, 3.6 mm. in thickness, plus 15.00 
D curve in front and index 1.5 is desired to have 
exactly 9.00 D back focal power. The focal distance 
of the front surface is 66.666 mm. and the reduced 
thickness is 2.4 mm. We write 


1 1 
66.666 — 2.4 64.266 


That is, the focal distance of the frontysurface is 
64.266 mm., and its dioptric power gs 


je 100 S 
-64.266 NN 


at the vertex of the paet Keto In order that the 
back focal power of the) ns be exactly 9.00 D we 
must add Q 


+L 15.56 = — 6.56 D 


Therefore ee s 3.6 mm. in thickness, 1.5 index, 
plus Ae front surface and —6.56 D back sur- 
b 


face ha ack focal power of 9.00 D. 


FERMENT. Set up a deep curved concavo- 
Mex lens on the optical bench and carefully meas- 
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ure the focal intercepts. Since the principal points 
lie close together in the ordinary ophthalmic lens 
they may be considered one point. The sum of the 
two distances, allowing for the thickness of the lens, 
and dividing by 2, will give the approximate loca- 
tion of these points. 

It is necessary to consider the effective power in 


A 
Oy 


Figure 75. n 
the neutralization of lenses. pO showed that 
the only lenses that 0 Sed alize each other 
are the planoconvex w ithep To In this 


case the first principal p Na one coincides with the 
second principal a Rend other (Figure 75) and 
the two together a plane plate. 

Figure 76, ifustfates the reason why two equally 
curved lense opposite denomination cannot neu- 


tralize e ther. It will be seen that if their sur- 
face lire extended the figure becomes the section 


| 
| 
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of a meniscus convex lens. However, for the lower 
powers, the ordinary method of neutralization of 
lenses as described on pages 110-116 is accurate 
enough for all practical purposes. 


Aberrations of Lenses. The most important 
aberrations are spherical aberration, chromatic aber- 
ration, curvature of field, distortion, and astigma- 
tism of oblique pencils. 

Spherical Aberration. It was seen in Figure 33 
that all the rays from a luminous point cannot be 
united in a single point after refraction by a spherical 
surface, but only the rays that traverse the same 
circle with the axis as center are united in the same 
point. The result is a series of points along the 
axis, the closest of which is formed by marginal 
rays and the farthest by the rays | D close 
to the axis, forming a focal line. distance be- 


tween the focal length of the nal rays and that 
of the axial rays (LES Figg 7) constitutes the 
longitudinal aberration. 

It follows that a laggS lens (aperture) will give 


greater spherical abegption. If the aperture is small 
enough the aberr is practically eliminated. 


In Figure ae image at L’ is that formed by 
the axial ry$and therefore the sharpest. It is sur- 
rounded a halo (AB) formed by the diverging 
margi Qr rays which have already crossed at L”. 
SS aes will be a sharp central image by the 
a> ginal rays, surrounded by a halo of converging 


| 
| 
| 
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axial rays on the way to their focus at L’. We call 
this positive aberration. 

In the case of concave lenses or in aspherical sur- 
faces where the periphery has a longer focal distance 
than the center, it is called negative aberration. 

There is no aberration when the ratio of the 
sine of the angle of incidence to the sine of the angle 
of refraction is the same for both the axial and the 


i se 


Figure 77. gs 
marginal rays. This is the ideal for ica Sys- 
tem and is called the sine conditio Q 

Chromatic Aberration. KOA supposed a 
spherical lens to be compose¢y an infinite number 
of prisms. Since prisms perse white light, lenses 
actually have a differ cus for each color; the 
difference increasingNwowards the periphery. The 
refrangibility of EP viole light being greatest its 
focal distance y shortest, while the least refrangible, 
red, has thePngest focal distance. The focal dis- 
tances we other colors, indigo, blue, green, yellow 

f 


and ora{ge, vary between the violet and the red. 
10 
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Chromatic aberration is greater in proportion as 
the lens is stronger and as the incident rays ap- 
proach the margin. 

In both spherical and chromatic aberration it 
must be remembered that as the focal distances vary 
so does the magnification of the image vary accord- 
ing to the formulz for the relative sizes of object 
and image. 

Achromatic lenses are made by cementing a 


Figure 78. 


crown glass to one of flint Sr roper curvature. 
Chromatic aberration mus reer ied in most op- 
tical instruments, but Be Spectacle lenses where 
the chromatic defects e be disregarded. 
Curvature of I KR The image of a flat object 
a flat screen. The rays AC, 
Sure 78) incident from an object 
ce that their lengths may be consid- 
will emerge along CB’, CL’ and CA’ and 


cannot be receiv. 
CO and BC 
at such a 
ered eq 


an it will be formed along each of these axes at 
ie distance from C. If a flat screen is placed 
’, the proper focal distance of the lens, it is too 
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far for the rays B’ and A’. For all the rays to be 
equally focused the screen must be of spherical 
shape. If there are a number of small objects at 
slightly different distances, the different lengths of 
the incident rays are an added problem. 

In Figure 79 it can be seen that when the screen 
is at L’ it is in position to receive a sharp image. 
If the screen is placed at L” or L” the image must 
be blurred; but if a stop, S, is so. placed that it 


Figure 79, Q 


allows only the axial rays, AA, t&@`utilized the 
blurring is made so slight as imperceptible. 
When the emergent rays sul Ke) small angle at 
the focus the position of th€)tmage-screen may be 
varied to a greater exten(@pan if the angle is wide. 


This is what is know ocal depth. 
Distortion. If object composed of crossed 
lines (a, Figure is viewed through a convex lens 


all the lines, exgept the central horizontal and vertical 
ones, appeaf)turved and the whole object assumes 
the sl f a pin-cusion. This is caused by the 
increase magnification as the rays approach the 
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edge of the lens and the corners of the square figure, 
being farther from the center than the centers of the 
sides, appear drawn out. The reverse is true of 
a concave lens and the figure appears barrel-shaped 
as in ¢. 

Distortion cannot be overcome in any single 
lens, but it is less noticeable in the deep curved lenses 
than in the flat forms. 


T H G 


Figure 80. 


of light falls obliquely on a sp 1 refracting sur- 
face it becomes astigmatic (a) there will be two 


& 
Astigmatism of Oblique Penoisf When a pencil 


focal lines for a given ,@uject-point just as for a 
sphero-cylindrical lens 
In Figure 81, ’ is a pencil of parallel rays 


obliquely incident a spherical lens. LC is the 


axis of this ef and it lies outside of the principal 
axis of the lems. The rays in the plane L’L’, striking 


the len metrically at JJ’, will be focused equally 
~~ the secondary axis LC. The rays LO; 


whNbe directed along O’SU and along OT. 


-> 


A) 
Xv 
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EXPERIMENT. With the perforated cross for ob- 
ject and a 10 D. lens, form an enlarged image on a 
white screen. Place the object and image-screen on 
the extreme opposite ends of the bench. The clearest 
and brightest image of each luminous circle of the 
object will be surrounded by a halo of. less intense 
light. Now with a stop, which obstructs the extreme 
marginal rays, the halo can be cut out. 


Figure 81. & 
©) 


Instead of the peripheral Ee a central one 
which allows only the marg ys to pass through 
the lens. If the position one screen is unchanged 
it will be seen that not Py is the image diffuse, but 
there is also a play, olors due to dispersion by 
the prismatic actj f the edge of the lens. If the 
screen is mov tward to the closer focal plane of 
the more negycting margin of the lens a clear image 
can be raed, but the colors still remain. 


e the image-screen in the first position at 
cal of the optical bench, and turn the lens slightly 
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around a vertical axis so that the light strikes the 
lens obliquely. The image will be seen to become 
elongated horizontally and, if the screen is now 
brought closer, a position can be found where the 
image line is vertical. 

The spherical and chromatic aberrations, as well 
as distortion and curvature, in ordinary ophthalmic 
lenses, are not noticeable enough to constitute serious 
defects. They scarcely manifest themselves except 
in strong glasses, when the line of vision passes 
through them elsewhere than through the centers. 
It is in the latter position of the eye, in relation to 
the glass, that the astigmatism of oblique pencils is 
sometimes a serious problem. 

An ophthalmic lens is of the best form when it 
has surfaces of different radii, the PAS depend- 
ing on the power and the index of ref@ftion of the 
glass. Tscherning has constructed vraph, called 


Tscherning’s curve, giving the pSper coflexure for 
rendering most lenses a . These lenses are 
called point-focal. The véte power of the lens is 


corrected with respect tQ point at the center of 
rotation of the eye, h-is fixed at a distance of 


25 mm. from hS ee page 180). 
© 


Lenses hayigð`different curves for every power 


are impracticable from the standpoint of the manu- 
facturer, OD lenses ground with base curves cover- 
ing g s of powers can be made to sufficiently 
eli e the astigmatic aberration. In the higher 
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powers the correction can only be obtained by as- 


pherical surfaces. 
In the diagram representing Tscherning’s curve 
the abscisse give the resultant dioptric powers of the 
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Figure a curve (Henker). 


lenses and the ord aR represent the powers of the 


front surfaces Q 

Suppose, esire to know the necessary curves 
for a plus EW lens The vertical line corresponding 
to pl AQ be seen to cut the ellipse, first at about 
13.5 again at about 21.3, If we choose 13.5 for 
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the power of the first surface the back surface will 
necessarily have such power that, allowing for thick- 
ness and curvature, the resultant lens will have a 
dioptric power of +5 D at the back surface. The 
deeper, so called Wollaston type, lenses are seldom 
used. The diagram also shows the older forms of 
commercial lenses. 

A study of Tscherning’s graph will show that 
the back surfaces of convex lenses from 0 to 7 D 
vary between —8.50 and —9 D; the back surfaces of 
the concave lenses from 0 to 4 D vary from —9.50 
to —10.50 D. Generally speaking, it seems that an 
average constant base curve of —6., 7. or 8. D, for 
these powers will so nearly approach the ideal that 
it will fulfil the practical requirements of an oph- 
thalmic lens. < 

It will be found in practice that thpyieeply flexed 
lenses, even though theoretically pr@g¢gy, are, in some 
cases, less comfortable to the pat t than the older 


forms. This is especially Ce myopia. 


S 
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DIOP TERICISYSTEM OF FHE EYE: 


The dioptric apparatus of the eye consists of the 
corneal system and the crystalline lens, which are 
nearly centered on a line passing through the an- 
terior and posterior poles of the eye. This line is 
called the optic axis of the eye. The rays emerge in 
the vitreous and are imaged on the retina. 

In order to locate the cardinal points along the 
axis, it is first necessary to apply the theory of Gauss 
to the corneal system, then to the lens and then to 
the combined system. We shall presume that the 
eye is in a state of rest, that is, its static QY tion 

Corneal System. The cornea and ac Qis consti- 
tute the corneal system. The refraçti dex of the 
aqueous, which is separated fro O. air by the 
cornea, is 1.336. [tas more Y 
than any other medium of eye, and because the 


optically empty 


difference between the rgpractive index of air and 
that of the aqueous is ter than the differenc be- 
tween any other ty edia, the cornea is the most 
important refrattis¢ surface of the eye. 

The forr he anterior surface of the cornea 
resembles aN %llipsoid of revolution. The antero- 
posterigQis is longest. The central portion may 


be cN Nered spherical with a radius varying in 
(153) 
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different eyes between about 7 and 8.5 millimeters. 
The normal average radius of the anterior surface 
of the cornea is taken to be 7.829 by Helmholtz, 7.98 
by Tscherning and 7.7 mm. by Gullstrand. 

The radius of curvature of the posterior surface 
is given as 6.5 by Tscherning and 6.7 mm. by Gull- 
strand. The radius of curvature of the posterior 
surface being greater than that of the anterior, the 
form of the cornea, therefore, is that of a convexo- 
concave or negative meniscus lens; but the effect of 
this is so slight that it may be disregarded and the 
substance of the cornea and the aqueous considered 
as one, the index of refraction being 1.336. The dis- 
tance from the anterior surface of the cornea to 
the anterior surface of the lens is about 3.6 mm. 

The formule for a single refracti gC face are 
applied to the corneal system, and its@gfncipal focal 
distance in air or the first focal nce, 


xS 
AEn 


and the dioptric powgs sh this side 


Com n — I 
AOT Knees 


R meters 


If we Ne Be the radius to be 7.8 mm. and the index 


1.33 
3 O° 
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and c 
oad r- 
D = — = 42.30 D , 2. 
.0078 wes : 
The second principal focal distance of the cornea 
or that in the aqueous must be 3 
Wom FE en = 206X 2133. S146 mn, 


or 
Fo = F +R = 23.66 + 78 = 3146 mm. 


and the dioptric power 


D 42.3 
Die = = 2S Gi. 
n ESI 
These distances are measured from the single prin- 


cipal point of the system which lies on the axis at the 


intersection of the bounding surface. EAN 
Crystalline Lens. The lens has a bicg form. 
Its anterior surface has a radius of 1 m. in the 


center, and its posterior surface has its of about 
6 mm. A thickness of 3.6 mm! Y. the axis is 
generally adopted. It is ma p of a number of 
superimposed layers whose esirvatures and indices of 


refraction increase fro OF periphery toward the 
center. The layers ae the form of a number of 


menisci, surround core or nucleus of high in- 

dicial power with Sfirface curvatures of short radii. 
+ 

As a res its peculiar structure the lens has 


a higher. HP ric power than if the refractive index 
were tligstme throughout. Consider the lens divided 


Ù 
X 
KO 
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into three parts as in Figure 83 where the biconvex 
nucleus, N, lies between two convexoconcave menisci, 
C and C. It can readily be seen that if the index 
of refraction of the menisci is increased they be- 
come more powerful as negative lenses and, there- 
fore, able to neutralize more of the positive power 
of the core. 

Supposing the lens to be homogeneous through- 


Dy 


Figure a 


out, its total index, as gi Hee investiga- 
tors, varies between 1. “oe 1.455. It is sur- 
odd by a single A medium, since the index 
of refraction e tl jueous is the same as that of 
the vitreous. rincipal points, therefore, co- 
incide with NA points. If we assume that the 
total F the lens is 1.43, the relative index of 
aoe the lens in the aqueous and vitreous is 


© en ae 
S — = m 1075 


S 
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where n’ signifies the index of refraction of the lens 
and n the index of the aqueous and vitreous. 

We proceed to find the focal power of each sur- 
face of the crystalline lens the same as with a glass 
lens in air, but with the value of the relative index 
of the lens in the aqueous and vitreous. The first 
principal focal distance, t.e., in the aqueous, of the 
first surface is 


R 10 10 
F = EE, ee ÃŘ—— 13333 mm. 
n — 1 1.075 — 1 075 


where n represents the relative index of refraction of 
the lens. The dioptric power of the first surface on 
this side, designating the radius, R, in meters, 


pre] 1075 


E 3S 


The second principal focal distance the first 
surface, 7.e., in the substance of the IMO 
43.33 mm. 


eee LON 


and the dioptric power for ge surface on the same 


side e) 
Q50 
eee. =e 
j A ose 


Proceed ip oye opposite direction for the powers 
of the secon¢ yur face, using the same formule. The 
first pride focal distance—the focal distance in 
the vjthesus— 


> 
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n — 1 075 
D = ——— = — = 12.50 
R meters .006 
The second principal focal distance of the second 
surface, the focal distance in the lens substance, 


EST ne BU e075. = 80m. 


and the dioptric power for this surface in the same 
direction 


D 1250 
D = = = 


— —— = 11.62 D 
n 1.075 


The optical center lies on the axis where it divides 
the thickness of the lens (Figure ERNS that the 
relation Q 


a radius of curvature of ge sa 10 
b radius of curvature of tO tond surface 6 


a F of the ay surface 133.33 
b F of thpyse®6nd surface 80 


© 


or 


a first surface 143.33 
Db Ke f the second surface 86 
Aer of the second surface 12.50 
A ~ D of the first surface 12383 
Ww a D’ of the second surface 11.62 | 
N T — D of the first surface 6.97 


| 
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To find a we divide the thickness of the lens into 
10 + 6 = 16 parts and count off 10 from the first 
surface, that is to say that 


tR 
d =n nm 
RER 
and 
tR’ 
Disce 
R 


where a signifies the distance of the optical center 
from, and R the radius of, the first surface; b, the 
distance of the optical center from, and R’ the radius 
of, the second surface; t, the thickness of the lens 
along the axis (see Figures 66 and 67). F or F’ 
of the first surface, D or D’ of the second surface 
may be substituted for R if F or I’ of the nd 
surface, D or D’ of the first surface are r tively 
substituted for R’ in the formule (see ae 120). 
The thickness of the crystallineXgws being 3.6 


ae IOO O 


a =3.6 X —————— 2.25-mm, 
10 +6 O 


and Q 
3 
b =3.6. Ka = 1.35 mm. 
@) 


Having fou Ki point C on the axis, the image 
GH, Figuri of the plane OC by the first sur- 
face ma Qe found, as in the glass lens, by the 
formu sco e 


SÀ 
ao 


AČ 
wl 
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FF’ = 133.33 X 143.33 = 19110.1889 
l = f — F = 2.25 — 143.33 = —141.08 b 
S= SA5 


The first principal plane of the crystalline lens, JH, 
lies 135.45 mm. from the first principal focus of the 
first surface in a negative direction—inside the lens 
2.12 mm. from the first surface. 

The image of OC by the second surface is found 
in the same way. Here 


Pio 80" 5-86. = 6680 
1 = 1.35 — 8 = —8&4.65 
e = —81.27 


The second principal plane of the crystalline lens, 
J’H’, lies within the lens at a distance,,along the 
axis, 1.27 mm. from the second sur fag 
The principal focal distances, w (Q are the same 
on each side, may be found by ame methods as 
were used with the convex let XGee pages 127-131). 
The reduced thickness O - lens, 


= = 3.354 mm. 


1.075 


d 
= pð 
In the oe 
CG n 


O N 2 Be 


t Oral intercept, Fe, will be in the vitreous or 
awcous so that it is necessary to reduce all values 


SÀ 
ao 


Ee. ,@ 
ww 


te 
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to agree for these media, and the reduced thickness 
must be considered the distance between the two 
surfaces of the lens. 

For rays parallel in the aqueous and, therefore, 
incident at the anterior surface of the lens, with our 
values for the crystalline lens, we may write, just 
as for the thick convex lens, 


1 1 1 


13333 — 334° 8 4952 


The focal intercept, that is, the distance from the 
posterior surface of the lens to the posterior prin- 
cipal focus is 49.52 mm. The distance from the 
second principal plane to the posterior or second prin- 
cipal focus—the second principal focal distance of 


the crystalline lens— N 
Bo = 4952 E A27 =-50.79 mm, © 
To find the first principal focus advance in 
the opposite direction. The aye now parallel 
in the vitreous and incident at,tMe’posterior surface 


of the lens. The formula a 


80 — saat n 33 148.67 


Hence the Bec focal intercept is .48.67 mm. 
and the anter~D or first principal focal distance of 
the crystal lens, 


WS E 48.67 + 242 => 50.79 mm. 
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Substituting our values in Gullstrand’s formula 
for the equivalent focal power of a lens, 


D — DY -— BZ 2y t BDD 
we have for t D’D” 


.0036 meters 
1.075 


17.00 12.00. == 0k 


and 


7.50 + 12.50 = 20 — .31 = 19.69 D 


< 
Figure 84. O 
XS 

Principal Points and P&ny of ‘the Eye. Eet 
and c’ be the principal & of the cornea, S (Figure 
84), p and p’ the fog the lens, and h and h’ the 
principal points of lens. 

A ray QN; allel to the axis, is refracted by 
the first sv Q, which is the principal plane of the 
cornea, tawafd c. A ray coming from Q’, parallel 

2 is directed from j, a point on the first 


? 


to axe 
pra plane of the lens, to p. Ne’ and jp cross 
NS Drop a perpendicular, OC, to the axis. 
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The two pairs of similar triangles, NS and 
c’OC, pjh and pOC give 
CS. oD = NU 
Shi gO 


and 
ph ph — hC 


SN OC 


Call c’S, the posterior focal distance of the cornea, 
fe“ ph, the focal distance ot the: lens; ip; S50 ss-a 
gad nC =p. Then 


enoi ie ore 

fp Ss na 
and 

oag Ple 

eee ee 

When one system is added to ano the com- 
ponents are considered to be separm{ed by the dis- 
tance between their adjacent priog points. If we 
regard Sh.= t, then 
© 


= Cc 
© + fp 
the same as for =z @rx lens. We know that t = Ss 


+ sh = 3.6 + = 5.72 mm. Substituting these 
values, i) 


5.72 31.46 
S = Ze == 245-21. 


S ~ °31.46--+ 50.79 
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and b, therefore, = 5.72 — 2.18 = 3.54 mm. This 
is the optical center of our eye. 

Having located the point C, seek the principal 
points and planes of the eye. Let OC be an object. 
Determine the place where the images of it, furnished 
conjointly by the surface S and the crystalline lens, 
are formed. 3 

The ray OD, parallel to the axis, is refracted 


toward c. The ray ON, directed from the posterior 


focus of the cornea, emerges parallel to the axis. The 
emergent rays, NQ and De, being divergent must be 
made to meet by projecting them backward to J. 
Hence J is the virtual image of O. 

The ray OD’, parallel to the axis, meets the 
second principal plane of the lens at D’ and is re- 
fracted toward p’. Prolonged backw it meets 
the line Q’J’ at J’, and thus determg the image, 
J’, of O, furnished by the lens. a JH and J’H’ 
are the images of OC seen th rh the cornea and 
through the lens. They AONA and of equal size. 
The planes passed through and jl are: there 
fore, the principal plarfed of the dioptric system of 
the eye. 

The triang ers and OC are similar, as are 


cJH and ce m which is derived 
@ mis 


DS cS 


= 
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and 
JH = NS 
DS = OC 
eS otc 


cH = fe + SH 
Hence may be written 


JH cH 
OC fc 


From the similar triangles c’SN and c’OC is de- 
rived in a similar way 


SNe ie 
OCS OC a heise 


and JH being equal to J’H’, we have xe 


cH Bu fc’ & 
Re ae xO 


and Q 
-S 


a 


Substituting the valu © the formula, the distance 
from the anterior ae of the first surface to the 


first principal AP 


O 23.66 X 31.46 


S E EA 


= 2542 mm. 
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It will be seen that this formula is exactly the 
same as 


ERES 
in which 


CHIES 


The distance, therefore, from the cornea to the first 
principal point of this eye is 


2A E200 == N O mm: 


In order to find the posterior or second principal 
plane, J’H’, use the similar triangles pjh and pOC, 
p’J’H’ and p’D’h’. 

ie 


OG La ips xe 


and if fp’ designate the posteriog Qocal distance of 
the lens xO 
JEK , 
DIA fp 
| i itand De OC, so that 
SS 
Daas 
ip 2 tip Sb 
and Re) 
c n fp’ fp 


S a 


| 
| 
| 


tn eee 


an 


<< 


Ae 
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Substituting the values 


50:79 XX, 90.79 
H'p' = ——— = 54.59 mm. 
50.79 — 3.54 


which, as before, has the same value as V in W = 
FP’, 

It was found that the second principal plane of 
the crystalline lens was 1.27 mm. in front of the 
posterior surface of the lens and, therefore, 5.93 mm. 
from the cornea. The second principal point of the 
eye lies 54.59 mm. in front of the posterior focus of 
the lens, which, being 50.79 mm. behind its principal 
plane, lies 


50.79: -+ 593 = 56.72.mm. 


behind the cornea. The second principan Sort of 


this eye lies RY 
56.72 — 54.59 = 2.13 O 


behind the cornea. O 
The two principal pointy rd planes are situated 
in the anterior chamber @gnd the distance between 


them is O 
W 
21AN 1:76 = .37 mm: 


The anterigrggrincipal focal distance of the eye is 
measured the anterior principal plane and the 
postev principal focal distance is measured from 


= erior principal plane. 
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Second Principal Focal Distance of the Eye. The 
second or posterior principal focus, ®’, of the eye is 
the point in the vitreous where rays, parallel before 
entering the eye, are united. The second principal 
focal distance, F’, is the distance from the second or 


posterior plane to the posterior principal focus, -H 
sto. ©”. 

A ray coming from Q, parallel to the axis, is 
refracted by the cornea toward its second principal 


TS 
Z e 


S 
Figure AR 


focus, c’ (Figure 85). js ray meets the first prin- 
cipal plane of the le t j and jj’ being parallel 
with the axis, we h in j’ one point in the path of 
the emergent NN Another point in this path is 


given at J’ cor second principal plane of the op- 
tical system the eye. Draw a straight line con- 


necting: nd j’ and the point on the axis where 
this crosses is the second principal focus of the 


er 
~\ 


eth 


a 


Fs 


O 
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To find the posterior principal focus of the eye 
by the method we have been pursuing, we must add 
the reciprocal of the principal focal distance of the 
lens system to the reciprocal of the focal distance 
of the corneal system, less the separation, t.e:, the 
distance between the two adjacent principal planes. 
This separation, t, is 5.72 mm. and, because the index 
of refraction of the medium between the components 
is the same as that in which the emergent rays are 
imaged, it must not be reduced. 


We find that 
1 ie 


S146. 2=,5.72= 50.70" 917.08 


The posterior focus is formed 17.08 mm. behind the 


second principal plane of the lens and thi Hape is 
5.93 mm. behind the cornea. The distanc@jfom the 
cornea to the posterior principal “SO his eye is 


17.08 + 5.93 = 23.0 ae” 

Since the second JEN sake ot the eye lies 
2.13 mm. behind the cornedQhe posterior principal 
focal distance is 


23.01 <>: 20.88 mm. 


With GGN: formula we find the power 
to be i 
© 
31.80, 69 — .00572 X 31.80 X- 19.69 = 47.90 


tg the vitreous. 
aS 


Ag 
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First Principal Focal Distance of the Eye. The 
first principal focus of the eye ® (Figure 86) is the 
point at which all rays that were parallel in the eye 
are united after refraction. The first principal focal 
distance, F, is the distance between the first principal 
focus and the first principal point, H to ®. 

Let Q’j be a ray, parallel to the axis, in the eye. 
It meets the second principal plane of the lens at j’, 


Figure 86. 


the first principal plane at j eo parallel to the axis, 
and is refracted ars O int toward the first 
focus of the lens, but again deviated at D by 
the cornea. The pq OE at which it strikes the 
cornea, is a Ng? direction in the path of the 


emergent ray. olonging the ray Qj to the first 


principal a oH) HJ, of the entire system another 
i 1 


point, J, e path of the emergent ray, is found. 
mere X and D, and prolonging this line until it 
m X axis, the first principal focus, ®, of the 


& found. 


rN 
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_ To find the anterior principal focus by calculation 
we must be careful to reduce all values so that they 
agree for air before they can be correctly used in the 
formule. 

The principal focal distance of the lens is 50.79 
mm. in the vitreous and this must be reduced by 


50.79 
—— = 38.18 mm. 
1.33 


because a distance of 50.79 mm. in the vitreous is 
equivalent to 38.18 mm. in air. The same must be 
done for the distance between the adjacent principal 
planes and 


572 
— = 4.30 mm. 


1.33 A 
O~ 


The anterior principal focal distance oe cornea 
is, of course, unchanged. ®) 

To find the distance from Iori to the an- 
terior principal focus, using ke educed distances, 
we write eT. 


te 


38.18 — Pi 66 13.93 


The first or we principal focus, ®, of the eye 
being 13.93 © in front of the cornea, the first 
or e A focal distance of the eye, F, is 


N 13.93- 1.76 = 15.69 mm. 


> 
ao 


A) 
wy 
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The values must be reduced in the same way for 
Gullstrand’s formula. The dioptric power of the 
lens in vitreous becomes 


19.69 3c L3 = 208 


diopters for air; 


2 

= .0043 l 
1.33 | 
the dioptric power of the cornea (42.30) remains. 
With these changes we write 


26.18 + 42.30 — .0043 X 26.18 X 42.30 = 63.72 
for the dioptric power of the eye. | 


Nodal Points of the Eye (Figure 87). Let T be 
a point in the first focal plane. A ray froa\it, parallel 
| to the axis, pierces at J and J’ th o principal 
| planes of the eye and is directed a rd the second 
| principal focus, ®’; all rays xO ing from T will, 
Ii after refraction, be pra ’, Rays which, be- 
fore refraction, are directèd/toward the first nodal 
point have, after 9 a direction parallel to 
their primitive one ai@yseem to come from the second 
nodal point. He ray from T, parallel to J’, 
will be direct N Sward the first nodal point of the 
eve, k 
| The TK strikes the first principal plane in 
| h and @ytessarily appears to emerge from h’ in the 
sesoad’ principal plane. If a line be drawn from bh’, | 
< lel to TK and J’®’, it will cut the axis in K’, | 
O | 
> 
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the second nodal point of the eye. KW’ is parallel 
to hh’ and hK is parallel to h’K’ so that 
GUS geal 
Since the difference between the first principal 


focal distance and the second principal focal distance 
of the eye, 


Pe Pl 20 88 15:09 = oa mia, 


Figur} 
the distance of the oy point from the cornea, 
SK = SH (HK = 1.76 + 5.19 = 6.95 mm. 


The distance the second nodal point from the 


cornea, Ww 
= SK + KK’ = 6.95 + 37 = 7.32 mm. 
‘oO 


O 
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The nodal points of the eye, therefore, lie very near 
the posterior capsule of the lens. 


CARDINAL POINTS oF GULLSTRAND’S SCHEMATIC Eyre RELAXED. 


Ten oth iOLseye ian creole tee wor A oe 24 mm. 
First: principal focus from: Cornea sa i. <q. le he es ts 15.707 mm. 
Emst cic ipa k Domni oren Ae e A T ER 1.348 mm. 
Second. principal Point S aaea a e AEAT: 1.602 mm. 
Second principa etocsw > Pete eer eee rane 24.387 mm 
AnNtertorfocalmaistances aaee Eaa e 17.055 mm. 
and the posterior focal distance .............. 22.785 mm. 
therefore the power of this eye is .... ......0- 58.64 D 


No importance is attached to the nodal points. 


Figure 88. L 


Conjugate Foci of the Ey XSThis is almost a 
repetition of what occur (Ñ a a single refracting 
surface or with a lens. K 

Let LJ be a ray Sine the first focal plane at 
F and the first ipal plane at J (Figure 88). 
The point J’ he second principal plane, from 
which the ees the last medium appears to arise, 
is found rawing a line, parallel to the principal 
axis, fx Tto. 

° rder to determine the final direction of the 
Ain the last medium, draw the line TK toward 
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the first nodal point. Since T is situated in the first 
focal plane all rays emanating from this point are 
parallel to each other in the last medium, and parallel 
to the ray of direction which passes through the 
first nodal point. TJ may be considered another ray 
coming from T. Its final direction, J’L’, will there- 
fore pe, parallel tos | kK. < Hence the point E- cat 
which this ray meets the axis, is the image of L. 

To find the conjugate foci by calculation use the 
same formula, FF’, = Il’, as for a single refracting 
surface. The only difference is in the absolute values 
of the lengths, which are not measured here from a 
single point, but from the two points, H and H’, as 
for a thick lens. 


EXAMPLE. Suppose an object is placed 250 mm. 
in front of our eye. Substituting the SaS und 
in our calculations, 


Q 
FF’ = 20.88 X 15.69 = om 


The object is 250 mm. in fr oe the eye and, 
therefore, 250 + 1.76 = 251.7 in front of H. 
Hence f = 251.76 and O 


Pie ES ee 251.7159 = 23607 mm. 


and W 


L = 32707 236.07 = 1.38 mm. 


The ee 1.38 mm. behind ®’ or 
+ 1.38 + 2.13 = 24.39 mm. 


re cornea. 
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Size of the Image furnished by the Eye or any 
other Compound System. In order to find the image 
of an object (AL, Figure 89) find where the image 
of A is formed. 

First draw the ray AJJ’ parallel to the axis and 


which, after having passed through the system, is 


directed toward the second principal focus, P. An- 
other ray which, before entering the system passes 


Figure 89. & 


through the first principal sg strikes the first 
principal plane in h, emergG) llel to the axis, and 
cuts the ray J’® to fort tee image-point of A at A’. 
Still another line, Af Ao 

nodal point, appe a emerge from the second 
nodal point, Ke a direction parallel to AK and 
crosses the No lines in the image-point. The 
perpendicular” dropped from A’ cuts the axis in the 
point There the image of L is formed. Hence 


L'AGI the image of LA. 
1L 


riking the axis in the first: 
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‘The similar triangles ALK and L’A’K’, AL® and | 
®Hh, J’'H’®’ and @’L’A’ give us the following 


. formule: | 
I K’L’ g’ Og’ | 
ra cle re Seer | 
ee S | 
Cn on a 

I ae paR oe H Ol’ 

| r ae eee ages a a 


the same formule as those for a single surface and 
for a lens. 


Emmetropia. Ametropia. The retina is in position 
to receive a clear image of a distant object con it 
lies in the plane of the posterior ae cus of 
the dioptric system. This condition @sNcalled em- 
metropia. The most distant point O which an eye 
is adapted when at rest is called_i inctum remotum 
or far point. An emmetropj Xeye may, therefore, 
be defined as one whose fẹæp, point is at infinity re- 
gardless of its length or Oypiric power. ‘The retina 
lies in the principal LO lane of the dioptric system 
and, therefore, igh a point at infinity are con- 


ee 


jugate. : 
5 An eye y 2 is not emmetropic is called ame- 


tropic. Sa the retina does not coincide 


12 
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with the principal focus of the dioptric system. An 
eye is called myopic when the retina lies behind the 
principal focal plane, and hyperopic when it lies in 
front of the focal plane. That is to say, the dioptric 
power being the same, the myopic eye is longer and 
the hyperopic eye shorter than normal. 


EXPERIMENT. Set up a 10. D lens on the op- 
tical bench and place a screen 10 cm. behind it to 
receive the image of a distant object. This may be 


H EA 


Figure 90. A 
Oy 


considered an emmetropic eye i en the-lens” Gi, 
Figure 90) is the dioptric a, atus and the screen 
at ©’ is the retina. 

If the- screen. is goed forward or backward 
the image becomes AluFred and, to render it clear, 
it is necessary gher increase or decrease the 
dioptric powe% 

It has Sp ae in experiments with lenses that 
the image May be substituted for the object and the 
objec the image. Applying this law to the em- 
n ic eye rays from a luminous point on the retina 
WI be parallel after emerging from the eye. For 


~\ 
> 
X 


i 
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emmetropia (E) in which the punctum remotum (R) 
is at infinity we obtain the expression 


Reduced Eye. To simplify calculations Donders 
constructed what is known as the reduced eye. In 
this eye, the radius of curvature of the cornea being 
5 mm., there is no lens. Hence, the single nodal point 
lies 5 mm. behind the bounding surface and there is, 
as for any single refracting surface, one principal 
plane at the vertex of the cornea. The first prin- 
cipal focal distance is 15 mm. from the cornea and, 
since the index of refraction is 1.33, the second prin- 
cipal focal plane lies 20 mm. behind the cornea 

To agree with his schematic eye Fae ok 
poses a reduced eye having an index of r¢N@ction of 
1.33 and a radius of curvature of cornea of 
5.7 mm. ~~ 

A reduced eye which nea Oe with most 
schematic eyes would have Sod of curvature 
of 5.5 mm. and an indeg,ot 1.33. In this the 


first principal focal di e is 16.5 mm. and the 
second principal fo distance is 22 mm.. The 
dimensions of th6 may be used in the formule 


for a_ single, erectus surface with results not 
greatly diffeeN from those obtained with the dimen- 


sions we schematic eyes. 


> 
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Angles Alpha and Kappa. Let AA’ (Figure 91) 
be the optical axis of the eye, which may be regarded 
as passing through the center of the cornea and the 
posterior pole of the eye. Generally, the axis of the 
cornea very nearly coincides with the axis of the eye. 
The optical axis of the eye contains the cardinal 
points of the entire optical system and also the center 
of rotation, C, which is situated on an average of 
about 13.7 mm. behind the apex of the cornea. 


Figure 91. eo 


The line of vision, OF, w 


i@yconnects the point 
of fixation, O, with the foy bes not coincide with 
the optical axis. It h ommon with the latter 
only KK’ where it cone the optical axis. The 
visual line, therefor@yis a secondary axis. | 
The angle O% formed by the optical axis and 
the visual lin Sef the angle alpha, a. The angle 
a is callegśitive when the visual line lies to the 
nasal s of the optical axis, which is most fre- 
qu „© the case. When the optical axis and the 
SST ine coincide there is no angle a; when the an- 


S: portion of the optical axis lies on the nasal 
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side of the visual line the angle a is negative. The 
angle is very slight in the vertical plane. 

The angle formed by the axis of the pupil and 
the visual line is called kappa by Landolt. 

The summit of the anterior surface of the crystal- 
line lens does not always coincide exactly with the 
corneal axis. Helmholtz and Knapp have found that 
the summit of the lens is sometimes situated as much 
as two degrees to the outer side of the corneal axis. 

Gullstrand, while admitting that the optical axis © 
of the eye may not exactly coincide with the optical 
axis of the lens, states that the deviations are so 
slight they cannot be used in calculations. 

The center of the pupil is sometimes to the outer 
and sometimes to the inner side of the corneal axis. 

The same aberrations exist in the eye a ake de- 
scribed on pages 144-150 for an uncorre convex 
lens, but of a less symmetrical nature. Ying to the 
structure of the retina these aberraias are ignored 
by the eye and do not interfere wie distinct vision. 


CHAPTER. VHI 


MYOPIA. 


In myopia the retina lies behind the principal 
focus of the dioptric system. The myopic eye is 
either too long or the refractive power is too great. 

Myopia due to an increase in length is called 
axial myopia. When it is due to an increased re- 


igure 92. A 
F 9 oe 


fractive power it is called cures aie Myopia 
may be caused by an increas the index of re- 
fraction of the aqueous or O or by a decrease in 
the index of the vitreous& myopia due to alteration 
of index of refraction. 

Axial myopia i most common form. The 
others are IN? t is safe to assume that the 


dioptric powgr @Ytonstant and that the length of the 
eye varies. 


+ 
Exp, ENT. With the image screen, represent- 


ing we Nretina (R, Figure 92) on one end of the op- 
ES ach, and on the other end the perforated cross 


~\ (182) 
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O 
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for the object, P. R., adjust a 10 D lens, H, so that 
a small image is distinctly in focus. Let this repre- 
sent a myopic eye. 

The object is at the P. R. or first conjugate focus, 
and the screen (retina) is at the second conjugate 
focus of this system. The second conjugate focal dis- 
tance is, of course, greater than the principal focal 
distance (10 cm.) of our lens, because the object be- 
ing at a finite distance the incident rays are divergent. 

In order for parallel rays to be imaged on the 


O 
$ 


retina of a myopic eye they must ae to diverge 
before entering the eye, as tho hey came from 


Figure 93. 


the punctum remotum, P. R. ANhis will be done when 
a concave lens (L, Figure 98), of the proper strength, 
is so placed in front e eye, H, that its second 


principal focus cointt with the P. R. Our myopic 
eye looking S stant object through this lens, 
will see it çlẹẹrly because the rays appear to come 
from the Ghi remotum, and the lens is said to 


have gica the refractive error. 


og ye is more myopic in proportion as its retina 


È 


O 
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is situated farther behind the focus, or in proportion 
as its punctum remotum approaches the eye. The 
nearer the punctum remotum, the greater the myopia. 
If the far point is situated 25 cm. away the myopia 
equals 445 cm. or 1/4 m. or 1/95 m. or 4 D; if the 
distance is 50 cm. the myopia is 1/3 m. or 1/.59 m. 
or 2 D; if 1 m. the myopia is 4 m. or 1 D. 

To be exact, the distance must be measured from 
one of the cardinal points, preferably the anterior 
principal point of the eye. In this case the first 
conjugate focal distance, f, will represent the degree 
of myopia. If f is measured in meters, t/f will ex- 
press the dioptric power of the correcting lens if 
placed at the first principal point. 

In weak, flat lenses the difference between the 
equivalent power. and the back focal power is negli- 
gible. In the strong lenses and thergice ly flexed 
forms the back focal power ae but 


it is easy to calculate the effectivespower, 
LON 
e 
of the lens (pages 138-19). 

The power of tl recting lens will depend upon 
the distance fraie eye at which it is placed. The 
focal distan st be decreased and, therefore, the 
power ka as the lens is placed farther from the 
eye an Karer the P. R., since the focus of the lens 


must cide with this point. In practice the lens is 
pS about 12 mm. in front of the cornea, so that 


sh 
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it is always stronger than the myopia which it 
corrects. 

In Figure 94 it will be seen how, through a fixed 
spectacle lens, the rays reach the eye at different 
angles. When the eye is in the primary position 
(a) the optical axis of the lens coincides with that 
of the eye. In b it will be seen that not only is the 
oblique pencil, which leaves the lens, astigmatic, but 
the distance from the eye to the glass is greater. 


NI 
a & 
Figure 94. 
xO 
In the very low refracti Oe. the effect of 
these oblique pencils or N distance be- 
tween the lens and the ble eye, is scarcely notice- 
able. In the highe es, lenses as described on 
pages 150 to 152 Q] designed to almost completely 


correct these erko o` 


The Sigs) We the Image in Myopia. Suppose the 
png etm of a myopic eye is distant 200 mm. 


and = 


ject, 3 mm. in size, is placed there. Accord- 
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| ing to the formula FF’ = Il’ we write, using the 
I values of Gullstrand’s schematic eye, 


File 47.0001 XG 22.fo0 saa oes 


l = 200 — 17.055 = 182.945 


Ff = 388.598 = 182.945 = 212 mm, 


which signifies that the image is formed 2.12 mm. 

behind ©’, or that the retina lies at this distance be- / 

| hind the focal plane of the dioptric system of the eye. 

The eye, therefore, is myopic and 2.12 mm. longer | 

than an emmetropic one. | 
For the size of the image we have, using the 

formula 


_ oF A 
; ~ 


| + RATo O 
A 82945 ES S 


Using these same fħulæ with the dimensions 
of the simplified ey cribed on page 179, | 


| : © 
A- 1 AA OS 


Gy | = 20 — 16.5 = 1835 | 


. © V = 363 + 183.5 = 1.97 mm. 
Y 


a ~ 
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and for the size of the image 


RE Sek 
ae ee 


= 2609 mm; 


Consider another myopic eye whose far point 
lies at a distance of 100 mm. and consider an object 
3 mm. in height at this place. Using the reduced eye 
we have 

ERAS AG 2225000 


1 = 100 — 16.5 = 83.5 
l = 363 + 83.5 = 4.3 mm. 
and for the size of the image 


rex 16.5 


ees mm. © 


The size of the image in myopia, ieee object at 
its punctum remotum, is greater gi emmetropia, 
and greater in proportion to h€ yeBree of myopia. 
The size of the retinal imageAQNIl be larger in axial 
myopia than in curvature myopia, which can be 
readily understood afte Hat has been studied about 
images in any systers Ch axial myopia the image of 
a distant object open size as in emmetropia; in 
curvature ink) ft is smaller than in emmetropia. 


7O 
we 
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The Effect on the Size of the Image by the 
Position of the Correcting Lens. In Figure 95 
the point B of an object AB will be imaged some- 
where along the axis BHB’. A ray, AQ, passing 
through the anterior focus, ®, will be parallel to the 
axis after refraction at H’. The image of AB will, 
of course, extend from a point in HB’ to another 
point, opposite to it, in H’A’. These lines being 


Figure 95, Q 


parallel, the size of the image SOP the same what- 
ever the length of the eye 


If the correcting io L, is placed so that its 
optical center reat vith the anterior focus, 9, 
of the eye the dire s of the rays BB’ and A®H’A’ 
will be unchan eo that a lens placed in this posi- 
tion ras te the size of the image. That is to 


say, witl optical center of the correcting lens 
coinci with the anterior principal focus of the 
eye RE size of the retinal image, in axial myopia, 
NY € same as in emmetropia. 


sh 
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In practice the lens is generally so placed that 
its center is closer to the eye than its principal focal 
distance. This is especially true in concave menisci 
where the optical center lies outside the lens toward 
the eye. In the diagram is shown a ray from A so 
directed toward the lens L” that, after refraction, it 
reaches the eye as though it came from ®. After re- 
fraction at the eye it is parallel to the axis, as in 
the first case, but at a greater distance, and the 
image is larger. 

Applying the same construction for the correct- 
ing lens, L’, placed farther from the eye than its 
anterior focus, it will be seen that the image is 


smaller. 
From what has been said, not only need the cor- 
recting glass be weaker if placed close to th opic 


eye, but the size of the retinal image becom eater. 


| CHAPTER IX 


HYPEROPIA. 


In hyperopia the retina is situated in front of the 
principal focus of the dioptric system of the eye. It 
is an eye which, in a state of rest, brings parallel 
| rays to a focus behind the retina. In other words, 
| the hyperopic eye is too weak to focus parallel rays 
on its retina. : 

In myopia the retina lies behind the focal plane, 
and rays, to be clearly focused, must come from an 
object at a finite distance, that is, they must diverge 
from a point in front of the retina. The far point 
| of a myopic eye is within infinity. In metropia 
the retina coincides with the principal $o} and only 
i parallel rays will be focused on it 
| point of an emmetropic eye is 
il hyperopia the position of the r is in front of the 
i principal focal plane of the ic system, and rays, 
to be clearly imaged onthe retina, must be con- 
vergent before enterin&/ the eye. The punctum 
remotum of a hypepaprt eye is beyond infinity. 

It is impossipl\@porplace an object beyond infinity, 
and converg Qpazys do not exist in nature; the rays 
can, ee) be made convergent with a convex 
lens, anche far point of the hyperopic eye lies be- | 
hind eye at the place where these convergent 
ra ould meet if continued backward. | 


S (190) 
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The punctum remotum of a hyperopic eye is 
virtual, lies behind the retina, on the same side as its 
image and takes the negative sign, —P.R. As in 
myopia, hyperopia may be axial, curvature or refrac- 
tive, or due to alteration in index of refraction (de- 
crease in aqueous or lens, increase in vitreous). 


EXPERIMENT. Set up a 10 D lens on the optical 
bench, and place the screen so that its distance is 


Figure 96. Q 
eo 


less than the principal focal distance cm.) of 
the lens. Let this represent a hyp wie eye ating 
the convex lens which, added to ue) D lens already 
in the carrier, will form a cle image of a distant 
object. 

In order for parallel (ýs to be imaged on the 
retina of a hyperopi they must be made to so 
converge, before Dring the eye, that they will 
meet, if Solange the P.R. This will be done 
when a conya ens CL, Figure 96), of the proper 
strength OO placed in front of the eye, H, that its 
second Nipal focus coincides with the P. R. The 


O 
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hyperopic eye, looking at a distant object through 
this lens, will see clearly because the rays appear to 
come from a point beyond infinity. 

As in myopia, an eye is more hyperopic in pro- 
portion as its retina is farther from the principal 
focus, or in proportion as its P. R. approaches the 
eye. If the distance between—P. R. and H is meas- 
ured in meters the reciprocal of this, as in myopia, 
equals the degree of the hyperopia in diopters. The 
distance between H and P.R. is the first conjugate 
focal distance (f) and the reciprocal of this distance, 
in meters, will represent the power of the correcting 
convex lens if placed at the principal plane. 

The necessary power of the correcting glass de- 
pends on where it is placed before the eye. The 
punctum remotum remains fixed, and rever the 
lens is placed, in order for it to COMPHEE the error, 
its second focus must coincide wit€Nthis fixed point. 
Hence, when the lens is placed er to the eye it is 
closer to the P. R. and Kone distance must be 
shorter. In ee to the correcting glass 
in myopia, the correctirfg) ens in hyperopia needs to 
be weaker as it is d farther away from the eye. 
The lens is WAEA aker than the hyperopia which 
it corrects. O 


Conjugado Foc of a Hyperopic Eye. In Figure 
97, $ a convergent incident ray which strikes 


the, principal plane in J. Because, if prolonged, 
IND cut the axis in L we consider L a virtual 


S 


' 
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object-point which takes the negative sign. Suppose 
T, in the focal plane, a luminous point, all rays from 
this point will then be parallel to each other after 
refraction. If we draw a line from this point to the 
first nodal point, K, it will leave the system as though 
it came from the second nodal point, K’, in a direc- 
tion parallel to its first. The final direction of TJ 
will be parallel to the line of direction TK, but from 
J’ on the second principal plane. J’L’, therefore, is 
the final direction of the refracted ray. L’ on the 
axis is the image of the object L, in this case the 
object is virtual and the image is real. 
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The Size of the Image in Hyperopia. Having 
found L (Figure 98) erect AL and let it be the 
virtual object, O. The ray QA, parallel to the axis, 
will be directed to ® from J’ on the second principal 
plane. The ray ®A, directed from the first principal 
focus, ®, striking the first principal plane in P will 
be refracted through P’ and be parallel to the axis. 
Another ray, KA, directed to the first nodal point, 


© 


Figure 98. & 
O 


will leave the second nodal R K, in a direction 


-parallel-to-its-primary .oge““The point A’, where... 


these lines intersect, is (Q)*image of A and A'I’ is 


the image of AL. Q 
The same igg dare used in this as in myopia, 


but it must be gẹřembered that f and / are negative. 
Suppose the\oPject, 3 mm. in height, is situated 200 
mm. behj@@ the principal plane. According to the 
forma ’ = |l’, and with the values of the reduced 


aan 
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PRRs 16 22 =. 368 
l = —200 — 16.5 = —216.5 
l = 363 + —216.5 = —1.67 mm. 
This means that a hyperopic eye, whose far point 


is 200 mm. behind the principal plane, is 1.67 mm. 
shorter than an emmetropic eye. 


| 
| 
| 
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For the size of the image 
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Figure 99, xO 


The Effect on the Size of the Q, the Position 
of the Correcting Lens. In C re 99 the image of 
a point, B, will be formed 1aewhere along the axis. 
The ray A®H’, striking as though it came from 
the principal focus, Wii be parallel to the axis 
after refraction. ardless of where the image is 
formed, its si ill extend from some point along 

the axis to A opposite along H’A’. 
As gria, if the correcting glass is so placed 
that iN\ptical center coincides with the anterior 

SX 
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principal focus the size of the image in axial hyper- 
opia will be unchanged and it will be the same size 
as in emmetropia. In refractive hyperopia the image 
is larger than in emmetropia. 

If the convex lens is placed closer to the eye 
(L”) the ray AH” having been bent toward the axis, 
and then refracted parallel to it (H”A”), lies closer 
to the axis and the image is smaller. 

The reverse is true when the convex lens, L’, 
is placed at a greater distance from the eye than 
the anterior focus is. In this case, as can be seen in 
the diagram, the image will be larger. 

The optical center of the convergent meniscus, 
when placed in the usual position, will be very close 
or may even coincide with the anterior focus of the 
eye because the optical center of this Or outside 
the lens, away from the eye. oe 


X 


CHAPTER X. 


ASTIGMATISM. 


Ametropia is divided into two opposite conditions 
—myopia and hyperopia. Sometimes, ‘however, the 
refraction in the several meridians of the same eye 
is different. In one meridian the eye may be em- 
metropic and in another it may be ametropic, or, all 
meridians being ametropic, there may exist a differ- 
ence in degree. This is called regular astigmatism. 

When there is an unequal curvature in any one 
meridian the condition is called irregular astigma- 
tism. Irregular astigmatism is probably, to a certain 
degree, present in every eye. The seat of ea con- 
dition is usually in the lens; but it may ised by 
some deformity or pathological deviat igs the sur- 
face of the cornea. It cannot a rrected with 
lenses and will not be discusse place. 

Regular astigmatism em in all eyes. 
Donders considered that degree up to .75 di- 
opters may not be OD gis but a much lower 
error of astigmatis this, however, may cause 
symptoms of aa and should be corrected. 

EXPERIMENT.” Set up a combination on the 
optical be iNZonsisting of a spherical and cylindrical 

we sphere with plus 3 D cylinder) with 


lens N 
axis he cylinder at 180 degrees (horizontal) and 
(197) 


Q 
V 
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place it at about 75 cm. from one end of the bench. 
At the farthest end place the perforated cross, illu- 
minated, as the object. In this system rays of light 
will be more sharply refracted in the vertical meridian 
than in the horizontal. This is the case in the 
majority of astigmatic eyes, and is called astigma- 
tism with the rule. 

Set up an image-screen very near the lens; grad- 
ually increase the distance and closely watch the 


ie e 
—_$______. 


ge |e 
-Figure 100. AS 


form of the image of Om point of the 
cross. Close to the lens¢iisrdund, each perforation 


of the cross forms a @éle of diffusion. As the 
screen is withdrawa@ach circle becomes flattened 
horizontally, for. ohn oval and, finally, at the first 
focal plane of ombination, the image of the cross 
will be seentasjJin Figure 100, a. It is here that each 
point of Ket forms an image which is a horizontal 


O 


line. 
+ 
Whe screen is farther removed each horizontal 


QS ridens into a horizontal oval and then into a 


oo} 
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circle of diffusion. This is the place in Stiirm’s conoid 
where there is least confusion. It divides the inter- 
focal distance into two parts which are proportional 
to the focal distances of the components of the 
system. 

On withdrawing the screen still farther the circle 
becomes longer in the vertical meridian, becoming nar- 
rower and narrower, until a place is reached where 
the image of each point is a vertical line. This is 
the second focal plane of the combination and the 
image of the whole object appears as in b, Figure 100. 


Simple Myopic Astigmatism. The last arrange- 
ment, considering that the incident rays are parallel, 
may be taken to represent an eye in which the hori- 
zontal meridian is emmetropic while the Ao 
meridian is myopic. This eye, while a t} sees 
vertical lines more plainly than horizont es, That 
is, although a vertical line is elong is neverthe- 
less a line, while a horizontal li es into a 
haze. The retina, in simple KON astigmatism, is 
in the second focal plane o dioptric system. 

In our experiment ty power in the horizontal 
direction is 6 diopte its principal focal distance 
is about 16.6 cm. Ñ this place is the screen which 
represents the Kta, i.e., the screen would be placed 
here if the qQGoct were at infinity. 

The ipal focal distance in the vertical direc- 
tion, g a power of 6 D plus 3 D=9 D, is 
abo N lcm. For rays to be focused at a distance 


> 


, AĞ 
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of 16.6 cm., by a lens with focal distance of 11.1 /cm., 
it is necessary for the light to come from its con- 
jugate focal distance which, in this case, is 33.3 cm. 
in front of the lens. 

The lens necessary to correct this error would 
have to make parallel rays (in the vertical meridian 
only) appear to diverge from a point 33.3 cm. in 
front of the system. This would be the concave 
cylinder with its axis horizontal, which, placed any- i 
where in front of the system, has its posterior prin- 
cipal focal plane coincide with a point 33.3 cm. in 
front of the system. This lens neutralizes the excess 
power which existed in every meridian except the 
horizontal. 

In simple myopic astigmatism the axis of the 
correcting concave cylinder must coing A the 
emmetropic meridian of the astigm eye. When ‘ 
the axis lies less than 45 degrees ef i horizontal 
meridian the astigmatism is sai Xo be with the rule. 


Compound Myopic Astj [Qs When the retina i 
lies behind the second Q plane of an astigmatic 

eye parallel rays, in or@@y to be focused on the retina, 
must first be made iverge in all meridians, vary- 
ing from the ee in the plane corresponding 
to the axis, he maximum along the meridian 
ad to the axis. In this case the condition 

is first ow: into a simple myopic astigmatism with 

the Aer concave spherical lens and the remaining i 
as AMtic error then corrected by a concave cylinder. ; | 


p 
A 
| 
| 
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Simple Hyperopic Astigmatism. In this form of 
astigmatism the retina lies in the first focal plane of 
the system. In our experiment the dioptric power 
in the horizontal meridian is 6 and in the vertical, 
Gs 3122-9 D.. This -eye in a: state-of rest, sees 
horizontal lines more plainly than vertical ones. The 
retina lies in the focal plane of the 9 diopter power 
and is emmetropic for this meridian. The power in 
the horizontal plane is 3 diopters weaker than in the 
vertical, and the rays in every meridian except the 
vertical come to a focus behind the retina. The con- 
jugate focus, in the horizontal meridian, is therefore 
negative and lies behind the eye at a distance of 
33:3 CM: 

To make this eye bend parallel rays to a g on 

it 


the retina it would be necessary to ma re- 


fractive power equal to a convex spherj} 
D. This can be done by adding a cylindrical 
lens which, with its axis at 90 d ow will add 3 D. 
of power in the horizontal me Sad The lens, placed 
somewhere in front of the sm, would need be of 
such strength that it woyl@ycause parallel rays in the 
horizontal meridian t verge to a point 33.3 cm. 
behind the eye. \ 

In simple Hyppropic astigmatism, as in simple 
myopic astig&ptism, the axis of the correcting 
cylinder p ‘coincide with the emmetropic meridian 
of thestes” When the axis of the correcting cylinder 
lies ah 45 degrees on either side of the vertical or 


Q 
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90th meridian the hyperopic astigmatism is said to be 
with the rule. 


Compound Hyperopic Astigmatism. This is the 
case when the retina is placed in front of the shortest 
focal distance of an astigmatic eye. The ametropia, 
as in compound myopic astigmatism, is first changed 
into a simple hyperopic astigmatism with a convex 
spherical lens, and the remaining astigmatism then 
corrected with a convex cylinder. 


Mixed Astigmatism. When the retina is some- 
where between the focal lines it is possible to correct 
the spherical error with either a convex or a concave 
spherical lens. The simple astigmatism which is left 
is myopic if a convex spherical is used, and hyperopic 
if a concave sphere is employed. The gl ecessary 
to correct this error is a mixed cylindge) 

All formule for emmetropia a metropia may 
be used for each meridian im Qe calculations in 
astigmatism. 

The meridians of gre Os: least refraction are 
called principal meridiaks)~ In our experiments they 
are the vertical an Bye horizontal meridians. The 
maximum and xo refraction lie in the principal 
meridians, whi 
The degre&.of the astigmatism is expressed by the 
differengé5n refraction that exists between the two 


are perpendicular to each other. 


ee 
+ 
N) astigmatic eye never sees a point as a point; 


iN 


\ i$ always a diffusion image. The way objects ap- 


Te 
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pear to such an eye depends upon the way a point 
appears. If either of the principal meridians is 
adapted to a luminous point the latter forms upon 
the retina a line of diffusion or focal line, which is 
perpendicular to the adapted meridian and parallel 
to the non-adapted one. If the focus of one of the 
intermediate meridians falls upon the retina the 
image of the point is diffused. 


A line appears distinct to an astigmatic eye when 
it is parallel with the meridian which is not adapted 
to its distance, because, in this case, the elongated 
images of diffusion, of all the points composing the 
line, coincide with the image of the line itself. The 
line is seen indistinctly when it has the same direc- 
tion to the meridian which is adapted to its distance; 
when diffusion images of its different eae 
pendicular to the direction of the line, m g it ap- 
pear broadened and diffuse. O 

The inequality of refraction aN the different 
meridians of the eye, which coXst})tStes regular as- 
tigmatism, is due to anomali of curvature in its 
refractive surfaces, or to eoon of these sur- 
faces, Or to both. Th Q nea is the most common 
seat of astigmatism. 

The lens ofterrisat fault, sometimes in a passive, 
at other times.iian active way. If the lenticular 
astigmatism Parallel to the corneal astigmatism the 
total a ieatism is the sum of both; but this is not 
often ne ase. The greatest curvature of the lens is 
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usually in the horizontal direction, so that the lenticu- 
lar astigmatism may partially or wholly compensate 
that of the cornea or even exceed it. 

A difference in two mutually perpendicular me- 
ridians is produced when the eye looks obliquely 
through a spherical lens or, in other words, when the 
lens is not centered in regard to its axis. This also 
occurs when the dioptric system of the eye is out of 
center, especially where there is an inclination of the 
crystalline lens. There may be an astigmatism (usu- 
ally against the rule) of the posterior surface of 
the cornea. 

It must be remembered that the distance of the 
correcting lens from the eye may make it necessary 
for the concave cylinder to be stronger and the con- 
vex glass weaker than the real stim 


Ophthalmometry. The measure of corneal 
curvature is called ophthalmome For all prac- 
tical purposes, the same princi nd formulz which 
apply to a convex reflecting Ji face may be applied 
to the cornea. 


The general form Q mirrors is 


Ai R E 
NA 
and for me òf the image 


Giri 
V IR 


0 2l 
I R 


ASTIGMATISM. 205 
and 
211 
Re =a 
0 


which is the formula used in ophthalmometry (see 
pages 58-59). 

If we know O, the size of the object; I, the size 
of the image; and l, the distance of the object, we 
can easily find R, the radius of curvature of the 
cornea. 

The radius being known, the anterior focal dis- 
tance is found by the formula 


or the power in diopters by 


A 
S~ 


1000 (a 1) 
Desert ae O 
(page 72). 


xO 
The instrument used for IOR a is 
called an ophthalmometer. Pan r was 
invented by von Helmholtzwħo first described it in 
1854. The eT Javal and Schiotz have 
made it possible for cal use. 

The o ee parts of the modern ophthal- 
mometer are q. tel€scope, which carries a double re- 
fracting pr} Oe the objective and eye-piece, 
and tw cages which slide on a graduated arc so that 
the ie between them can be varied and the arc 
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rotated into any meridian which is to be measured. 
The distance separating the mires serves as the size 
of the object. 

We may either keep the mires fixed and measure 
the distance between their images, or we may separate 
the mires until there is a fixed distance between their 
images. The latter method is the one used in oph- 
thalmometry. The fixed size of the image is ac- 
complished by doubling with a birefracting prism of 


Figure 101. ~\ 
x$ 


quartz (Wollaston prism). By poa four 
images are seen instead of two. 
By moving the mires EOF arc the size of 


the object is made to var it corresponds with 
the doubling of the pris his doubling is constant 
and in exact line with Be lane of the graduated arc. 
The telescope, by m€9aifying the images, makes the 
reading easier. gure 101 shows the position of 
the prisms Se telescope of the instrument. Two 
images of .L“ire formed, one at L’ and the other 
aba”, V 

KSeye to be examined is placed at the center 


O 


arc and the instrument is adjusted so that the 


diopters would corre 
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images of the mires are plainly and clearly focused 
in the center of the cornea. 

Let A and B (Figure 102) represent two objects 
which, having been doubled, are made to appear as 
four—A, B, A’, B’. It. can be seen that, since A’, 
is the double of A and B’ the double of B, in order 
for B and A’ to coincide the doubling (t’) must be 
exactly equal to the separation between the two 
objects (t). 


© 


The doubling of the images amol to about 3 
mm. and when the mires are s sted that the 
edges of their images coincide &h image is exactly 
3 mm. in size. O 

Javal and Schiötz ha aken as the index of 
refraction of the aS 3375, selected so that 45 


d exactly to a cornea of 7.5 


Figure 102. 


mm. radius. 


By the forfa 
O 1 
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if R is expressed in meters; and if expressed in milli- 
meters 


= 1000" (337505 382.3 i 
te 7.5 Ley oa 


Placing the value of R in the formula, 


21I 
Re e 


l 
| 
| 
i 
t 
; 


and giving the same figures to / (337.5) and making 
I — 3 mm., we find that the size of the object is 27 
cm., that is the mires are 27 cm. apart. The arc of 
the ophthalmometer is so graduated that either the 
radius or dioptric power of the cornea may be read 
off. 
Only a small portion of the cornea Phar where 
it is cut by the visual line, is measu This meas- 
urement may be made in any ian and if the 
cornea is spherical the measur ts, of course, will 
be the same in all meridi If the curvature is 
greater in one meridia Khan in another we have 
astigmatism, and “f case there would be two 


principal meridian right angles to each other, 
one of which NE ave the greatest radius and the 
other the leastOThe difference between these powers 
is the ae astigmatism, the axis of which will 


lie sy radius of least curvature. If there is 


irre astigmatism the images will be distorted. 


Y 
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In Figure 103, A shows the images in alignment, 
along a principal meridian and in contact; B, the 
images overlap, but still lie in a principal meridian; C, 
the images overlap and are off a principal meridian. 


A B Ko 
Figure 103. & 


CHAPTER XE 
ACCOMMODATION. 


It has been seen that, with a convex lens, a dis- 
tant object-point will be imaged as a point in the 
second principal focal plane. If, without changing 
the position of the image screen, the object is brought 
closer to the lens the image is formed behind the 
screen and, instead of a clear image, a section of 
the luminous cone is found on the screen. This is 
exactly what occurs in an eye. 

Objects at different distances from the eye can- 
not be distinctly seen at the same time. Hold a 
finger before one eye and look past it at e distant 
object. When the distant object is@ tinctly seen 
the finger is blurred; when the r is distinctly 
seen the distant object is blurr Note that a cer- 
tain effort is felt when chay the focus from the 
far to the near m K 


EXPERIMENT. gs image screen on one end 
of the optical ay et up a 10 D lens 10 cm. in 
front of the scr et this represent an emmetropic 
eye at ares an emmetropic eye the retina coin- 
cides wit principal focal plane of the dioptric 
system¢ a far point or punctum remotum lies at 
nS and only distant objects can be imaged on 


the etina. 
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_ Now arrange a luminous object on the other end 
of the bench. A diffusion image will be perceived 
on the screen. In order to clearly image this near 
object on our screen it is necessary to increase the 
dioptric power of the system. This is done by adding 
the proper convex lens to the 10 D lens already in 
the carrier. 

Just as in our set-up the eye cannot distinguish 
near objects when it is adapted for far, nor distant 
objects when it is adapted for near. In any dioptric 
system the image is distinct but for one single dis- 
tance of the object. In order for the eye to see ob- 
jects distinctly at different distances a change must 
be made, either in the position of the retina or in the 
refractive power of the dioptric system. This change 
takes place in the refractive power by a ES ean 
the convexity of the crystalline lens anc called 
accommodation. 


In a state of rest the dioptric om of the eye 
presents its minimum of refra ower; the eye 
is adapted to the most Tore that it can see 
distinctly, t.e., its punctum rehvotum. During a con- 
dition of greatest nos accommodation the di- 
optric system has me ts maximum of refractive 
power and the e adapted to its nearest point— 
punctum ot 

The totei ccommodative power which an eye 
posse > o by the difference between its 

c 


refra when at rest and the refraction when un- 
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der its maximum effort of accommodation. This has 
been called the amplitude of accommodation. 

The refraction of the eye is inversely propor- 
tional to the distance of the object which it sees dis- 
tinctly; or, the refraction must be stronger in pro- 
portion as the object is nearer. 

Let R (Figure 104) represent the distance of the 
punctum remotum, P. R., from the eye. The refrac- 
tion, r, at rest, is 


J 
R 
This is the minimum or static refraction of the eye. 


If P is the distance from the punctum proximum, 
P. P., to the eye the refraction, p, in a condition of 


3s 
PALS 
ce & 
xO 
The difference between e refraction 
and the maximum refractj an eye is 


go i 

Ò eR 
Va) 

or, if the distapQNs expressed in meters, 


© p — r diopters 


T he@scommodation has the same effect as a con- 


+ 


v IS added to the eye. An eye devoid of ac- 
Whaat is adapted to its far point, P. R., and 


maximum accommodation, is 


——___—____—___—-»»_-—__ 
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will not be able to see anything nearer than that. 
To render vision possible, at the distance P, the 
rays must be made less divergent. This effect is 
obtained by adding the convex lens, L, which so 
changes the direction of the rays that, when they 
enter the eye, they appear to come from P. R. This 
lens adds the necessary power to the eye and, there- 
fore, expresses the amplitude of accommodation in 
diopters. 


we ene 


Sin eae 


R ~\ 
Figure 104. gs 
In order to be exactly RRO o the ampli- 
tude of accommodation the ler ran to coincide 
with the first principal point, @ the eye. Donders 
reckons from the first nod int and Duane from 


the first principal focus Ø t e eye. 


If the focal dista the auxiliary lens is rep- 
sented by A N 
O 
DEN r 
wp R 


whic SS formula given by Donders to express 
the arplitude of accommodation. 
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If the distances A, P and R are given in meters 
we obtain the powers in diopters. In this case, for 
the amplitude of accommodation, 


a = p m f 


in which a represents the power or amplitude of ac- 
commodation in diopters; p equals the power, in 
diopters, of the eye when adapted to its punctum 
proximum, that is, its maximum refraction; and r, 
the power of the eye adapted to its punctum remotum. 

The distance between the punctum remotum and 
the punctum proximum of an eye has been called, 
by Donders, the region of accommodation. 


EXPERIMENT. Hold a lighted candle before an 
eye, so that it forms an angle of 30 degķees with 
the visual line, and observe from the ®ihke? side at 
the same angle. Three small ima of the light 
will be seen in the pupil . ). These are 
the reflected images by the ae and the anterior 
and posterior surfaces o ens. A represents 
their appearance when thesye is at rest, B their ap- 
pearance in the MESS Hee eye. 

The image a, t the flame, is that furnished 
by the anteriorN§vfface of the cornea. It is the 
brightest beue the difference between the refrac- 


tion of the.cornea and air is greater than between 
the aqt X and the lens or the vitreous. It is the 
me image i in point of size because the curvature 
of cornea is greater than that of the anterior sur- 
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face and less than that of the posterior surface of 
the lens. Since it is formed by a convex reflecting 
surface it is erect and virtual, and if the flame is 
moved the image will be seen to move in the same 
direction. 

The image b is due to the anterior surface of the 
crystalline lens. This image is also virtual and erect. 


Figure 105. & 


It is largest because the a produces it 
magnified by the 


is least convex and also becaus 
cornea and the anterior ch 
The image c, by tl O surface of the 
crystalline lens, is sm Fand least luminous. This 
image is formed b a reflecting surface and 
is, therefore, and inverted. If the flame is 
moved the ,igaagé will move in an opposite direction. 
It is sma cause it is reflected by the surface of 
great irvature, and least luminous because the 
lich sses through thick layers of refractive media. 


ings may be 
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The three images here described are called the 
images of Purkinje, after the scientist who first dis- 
covered them. A fourth image, from the posterior 
surface of the cornea, has been described by Tschern- 
ing. In order to study these reflexes the room must 
be completely dark, except for the luminous object. 
Helmholtz used, instead of the lighted candle, a 
screen with two openings which were illuminated 


a iil 


E jj 
A b 


A B 
Figure 106. xO 
A, state of rest. B, state of a dation. a, corneal re- 
flexes, invariable; b, reflexes fro nterior surface of the 
lens, smaller and consequently rer each other during accom- 
modation (B), and nearer t ose of the cornea; c, reflexes 
from the posterior surfa f the lens, least luminous of all, 


maintaining their positio becoming but little smaller during 
accommodation. (La 


from behind A distance between the two open- 
Grn the length of a single object. 


H nn the patient looks straight ahead, main- 


tainingN ear vision of an object which is brought 
n and nearer, the image, a, from the cornea 


= st 
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remains unchanged. The image b becomes smaller 
and approaches that from the cornea. This proves 
that the anterior surface of the lens has moved for- 
ward and, because the image is smaller, has become 
more convex. The image c remains in the same posi- 
tion, but becomes somewhat smaller. The posterior 
surface of the lens, during accommodation, increases 
in curvature, but does not change its position. 

The accommodation of the eye is produced by a 
change in the form of the lens. The anterior sur- 
face moves forward and its radius of curvature in- 
creases. The radius of curvature of the posterior 
surface increases slightly, but its position remains 
unchanged. The thickness of the lens is increased 
by .4 mm. 

The table below gives the data, calculagedy by 
Gullstrand, of his exact schematic eye in @gtate of 
rest and during maximum accommod@Non. The 
powers are expressed in diopters, t ear dimen- 
sions in millimeters, and the dis S are from the 
anterior surface of the corned 


Accommo- Maximum 
dation Accommo- 


Position. ` v Relaxed. dation. 


Anterior surface of BENS) aaa RS 0 0 


Anterior surface of legg\N............... 3.6 3.2 

Posterior surface 1OQS Samer eee San We 72 
Radius of, Gxyature. 

Anterior su D OL CONEA = ea ake roe df. The 

Anteriog EGE SOUS Koi ort as sets 6 nee oe 10. IEK, 


"N rrace ror TENSA e e a Na ie 6. 5.33 
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Accommo- Maximum 


dation Accommo- 
Lens System. Relaxed. dation. 
Refractinge power aeeoe eaeou eeo ee cw - 19.11 33.06 
Position of first principal point ........... 5.678 5.145 
Position of second principal point ......... 5.808 5:299 
Complete Optical System of the Eye. 
Relracting Power keeta keene e EE 58.64 70.57 
Position of first principal point ............ 1.348 1/72 
Position of second principal point ........ 1.602 2.086 
Position of first. focal point .......0.s.s5. 15.707 12.397 
Position of second focal point ............. 24.387 21.016 


It will be seen that, where the eye is fully ac- 
commodated, the crystalline lens is biconvex with 
sides of equal radii of curvature. 

During static refraction the anterior principal 
focus, ®, lies at its farthest distance from the eye, 
and is nearest the eye during maximum edommoda- 
tion. 

The distance of the principa nes from the 
cornea decreases while that fO nodal points de- 
creases. The distance bee the two principal 
planes increases and so, K rse, does that between 
the nodal points. But@pese changes are so small 
that they need not b&@onsidered. 

During BN action, when the eye is com- 
pletely relaxe is adapted to its punctum remotum, 
P. R., whidd Js conjugate to the retina; when it is 
fully ané amodated it is adapted to its punctum 
j -P:P and this and the retina are con 
The eye has added the dynamic refraction 


| 
| 


a 


| 
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Accommodation in Emmetropia. The P. R. of an 
emmetropic eye is at infinity and its static refraction 


1 
R a) 
Suppose an emmetropic eye, by exerting its total 
accommodative power, barely distinguishes an object 
clearly at a distance of 10 cm. The maximum re- 
fraction is 10 D, the region or range of accom- 


modation extends from 10 cm. to infinity and the 
power or amplitude of accommodation 


a = 10 D — © = 10 D 


Hence, we may say, for the amplitude of accommoda- 


tion in emmetropia Ņ 
p N 
e & 


Presbyopia. The power of accomadation grad- 
ually decreases with age. In the year, accord- 
ing to Donders, the amplitude D is 
14.50 D, which gradually de&Qases so that in the 
30th year it has fallen ta@bout 1⁄4. By the 40th 
year, when the P. P.h Raed to 22 cm. (r = 4.50 
D), the eye is said t Yo After this it be- 
comes necessary d a convex lens to the eye so 
that it may dig@pctly see at the usual working dis- 
tance. Th cess goes on incessantly, passing the 


zero Pas the 75th year. 


(after Duane) 


. 
TABLE OF THE POWER OF ACCOMMODATION | 


The near point is measured from the anterior principal 


focus of the eye. 


AMPLITUDE OF ACCOMMODATION IN DIOPTERS 
AGE 
MINIMUM MEAN MAXIMUM 
8 11.6 13.8 16.1 
9 11.4 13.6 15.9 
10 ISL 13.4 15.7 
il 10.9 13.2 15:5 j 
12 10.7 12.9 15.2 if 
13 10.5 ss 15 
14 10.3 12.5 14.8 
15 10.1 Taia 14.5 
16 9.8 12 14.3 
17 9.6 11.8 14.1 
18 9.4 11.6 13.9 
19 9.2 11.4 13.6 f 
20 8.9 11.1 13.4 
21 8.7 10.9 13.1 
22 8.5 10.7 12.9 
23 8.3 10.5 12.6 
24 8 10.2 12.4 
25 7.8 9.9 12.2 
26 UE 9.7 11.9 
27 tse gI Soe 11.6 
28 7 9.2 LSS 
29 6.8 9 11 
30 6.5 8.7 10.8 
31 6.2 8.4 : 10.5 
32 6 8.1 10.2 
33 5.8 7.9 9.8 
34 5.5 7.6 9.5 
35 5.2 ie: 9.3 
36 4.9 7 9 
37 4.5 6.7 8.8 
38 4.1 6.4 8.5 
39 337 6 8.2 
40 3.4 7.9 
41 3 FAS 
42 oon 5 Je 
43 2.3 O 4.5 6.7 
44 2 4 6.3 
45 1.9 3.6 5.9 
46 L7 uk a0 
47 1.4 O` 24 5 
48 223 4.5 
49 oak 4 
50 1.9 3.2 
52 I 0.9 1.6 2.2 
53 0.9 17S 251 
54 0.8 1.4 2 
55 ( ; 0.8 is 1.9 
56 0.8 3 1.8 
0.8 1.3 1.8 
+ 0.7 T3 1.8 
0.7 F2 : I.7 
60 0.7 1.2 1.7 
61 0.6 1.2 137 f 
62 0.6 1.2 1.6 
63 0.6 T 1.6 j 
64 0.6 ii 1.6 | 
to 
1 


| 
Q 
| . 
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Accommodation in Myopia. (Consider a myopic 
eye of 4 D whose P. P. equals 10 cm. In this case, 
the P. R. being 25 cm., the range or region of ac- 
commodation is 15 cm. The static refraction (r) 
being 4 D and the maximum refraction (p) 10 D, 
the amplitude of accommodation 


a=10—4=6D 


Suppose, in an eye having a power of accom- 
modation of 8 D, the P. P. is 10 cm. By the same 
formula we find that the degree of myopia 


r= 10 D— 8 D-= 2-D 


The image of a near object clearly seen by an 
axially myopic eye is larger than that seen by an 
accommodated emmetropic eye, because the acaom- 
modated emmetropic eye may be compared to acu v- 
ature or refractive myopia. In the case of ature 
myopia the image is the same size as seen by 
an accommodated emmetrope. The į e is smaller 
when the myopic eye is correct) Nth a concave 
lens and accommodated than yẹn uncorrected and 
unaccommodated. Q 


Accommodation in opia. We have seen 
that the P. R. of th peropic eye is virtual and 
takes the negative igo as does r. The formula 

i) a == p r 
therefore, be written 
S 
NX a=p—-—r 


222 OPHTHALMIC OPTICS. 


or 


for hyperopia. 

The amplitude of accommodation of the hyperope 
must necessarily be greater than that of the myope 
or emmetrope. A certain amount of accommodation 
must be exerted to first overcome the hyperopia, that 
is, to make the eye emmetropic, and in addition to 
this there must be added the power necessary to 
adapt the eye to its P. P. 

Suppose the P.P. of a hyperopic eye of 2 D 
equals 10 cm. He requires 2 D of accommodation 
to make his eye emmetropic, then 10 D more to 
render an object clear at a distance of 10 cm., or 


chutes eee ta SS 


If the degree of hyperopia is greater@y&n the ampli- 


| 


a 


tude of accommodation the eye t see clearly at 
any finite distance without th of a glass. 
The retinal image is s r in axial hyperopia, 


when accommodated, thgn~in emmetropia. It is 
larger in refractive gr Qivature hyperopia than in 
axial hyperopia w both are accommodated. In 
any form of NO ia the image is larger with a 
convex ao when accommodated. 


The est rmination of the Amplitude of Accom- 
modatj The measure of the power or amplitude 
ol’ mmodation is best obtained after the eye 
meen made emmetropic with the proper correct- 
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ing lens. When this has been done the P.R. is at 
infinity and r = O. 

Fine test type may be used as an object. Donders 
made use of an optometer which consisted of five 
fine, vertical, black wires. Duane’s test object is an 
engraved line, 4% X 5 mm., on a white card. 

The object is brought to the shortest distance 
from the eye at which it can, with the greatest effort, 
be distinctly seen. The distance is measured from a 
cardinal point. Donders measured from the anterior 
nodal point; Landolt, from the anterior principal 
point; and Duane, from the anterior principal focus. 

The power of accommodation may be measured 
by having the patient look at small test type at a dis- 
tance while concave lenses are placed before the eye. 
The strongest concave lens through which he cay still 
clearly distinguish’ the type is the measur his 
power of accommodation. 


Scheiner’s Experiment. If a small@Pject, within 
or beyond the distance for which t e is focused, 
is viewed through two openi Q: placed in an 
opaque screen that their sepgKion is less than the 
diameter of the pupil, the Ot will appear doubled. 
The effect is produced the admittance of two 
small pencils of ligh ch are sufficiently separated 
on the retina of the @iaccommodated eye to be recog- 
nized. This is_ktewn as Scheiner’s experiment. 

The dia hoe may be made by punching two 
small hol bout 2 mm. apart, in a piece of card- 
board her opaque material. Look through this, 


SÀ 
aO 


, AĞ 
ww 
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held with the holes horizontal, and focus the eye on a 
needle or fine wire, held vertically at the proper dis- 
tance. The object will appear single and sharply 
defined. If, now, the object is brought closer to 
the eye than its P. P. there appear to be two needles. 
The same effect is seen when the accommodation is 
relaxed. 

Let OO’ (Figure 107) be the openings in the 
screen, S, and LO and LO’ be the small pencils of 


Figure 107. R 


light from an object-point, L. The 
tion to receive a clear, single yrage when placed 
where the rays cross at , en the retina lies 
at ©”, i.e., when it lies behfad)the focal plane of the 
dioptric system, the eye K aconnodacd for an ob- 
ject closer than L O image appears double. If, 

the openings is covered the 


in this position, o 
image on the Wie side will disappear because 


the rays ha ssed at P. 
If the eyeis accommodated for a greater distance 
than L retina will lie in the position, ©”, in front 


BAN ocus. If now, one of the openings is cov- 
e the image on the same side will disappear. 


CHAPTER XIL 


APERTURE OF THE SYSTEM. DIFFUSION 
IMAGES. 


A diaphragm or stop is a necessary part of any 
well constructed compound lens system.. There may 
be one or more, in front of, between, or behind the 
dioptric apparatus, and usually so placed that the 
optical axis of the system passes through the center 
of the stop-aperture, perpendicular to the plane of 
the stop. The purpose for which stops are used is to 
admit, as far as possible, only such portions of a 
pencil of rays as are desirable to participate in the 


formation of the image. These rays, whicla&y al- 
lowed to enter the system and form the us image, 
are called the effective rays. 


Every point of the object is cone the apex 


of a pencil of effective rays, a base of this 
pencil is formed by the stop-apéNure. The aperture, 
therefore, is the common Rase of all the pencils of 
effective rays. If the stO)eaperture is circular the 
base is circular in sh nd, of course, the pencil is 
a cone; but it is opviQs that whatever the shape and 
size of the apegttré, so will be the shape and size 
of the base giNfe pencil of effective rays. A large 
aperture QWs more light to enter the instrument, 
making right image, but with less definition. 
15 (225) 
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| With a small aperture there will be more sharpness 
of detail, but at the expense of illumination. 

In the eye the iris is the stop, and the pupil the 
stop-aperture of the system. When the pupil dilates, 
more light enters the eye; when it contracts there is 
| greater definition, but the illumination is diminished. 
| Since the iris controls the amount of light which is 
| allowed to enter the eye it also serves as a photostat. 
The pupil, as we see it, is really a virtual image 
| by the cornea and anterior chamber. It appears 
slightly magnified and pushed forward. Consider a 
pupil 4 mm. in diameter, and 3.6 mm. behind a cornea 
| whose radius of curvature is 8 mm. The anterior 
l| principal focal distance, F, of the cornea will be 24 
| mm. in front of its anterior surface, and the posterior 
principal focal distance, F’, 32 mm. behad the an- 


| terior surface. The position of eer e "Ot. the 


pupil can be found by the formula Pi 

Consider L an ese a he pupil (Figure 
108) which, lying between surface and the pos- 
terior principal focus A cornea, ®’, makes / 
negative. O 


P26 Oy Boney IR Atty 
FF’ = Chin. X 24 mm. = 768 mm. 


and 

V = —27 mm. 
The in lies 27 mm. from the anterior principal 
fog a negative direction, that is, in the anterior 


| ks ber, 3 mm. from the cornea. 
E Ss 
oo 
J 
X 


i 
————— r 
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The size of the pupil image, if we designate the 
diameter of the pupil by O and the diameter of its 
image by I, will be 

OF 32 X 4 


ke = = 
l 28.4 


. The image is called apparent pupil. It will be 
seen in Figure 108 that rays which are directed to- 


© 
Figure 108. & 


ward the apparent pupil take a ain, after re- 
fraction at the cornea, towar O eal pupil. The 
luminous pencils of effectiv ys, which enter the 
eye, are limited by this apparent pupil, called pupil 
of entrance, by Abbé. 

The image of th and pupil by the crystalline 
lens would be Bo? .1 mm. farther back than it 
actually is a larged .2 mm. This has been 
called the pay of exit, by Abbé. 


S to show the Diffusion Image of a 
oN et up a simple optical system, consisting of 


X 


& 
RRA 
I AN 
LO 
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a convex lens (about 10 D), an image screen of 
ground-glass and a small, round, luminous object. 
Consider the object (for example, a 1 mm. hole in 
some opaque material illuminated from behind) to 
be a point. Carefully center and arrange these so 
that the object and the image-screen are conjugate. 

Now pass an opaque card across the lens, either 
in front or behind, but close to it, gradually cover- 
ing the entire surface, and at the same time notice the 
effect on the image. It will be observed that, while 
the illumination is decreased as more and more of 
the lens is covered, the size and shape of the image 
will be unchanged. Its form can be seen as long as 
any light whatever is allowed to pass through the 
lens, and the image finally disappears a whole 
when the lens is entirely covered. THE Moves that 
the rays which go to form the im pass through 
every part of the lens.* O 

Note the effect on the no a stop having 
an irregular, triangular, s\ugré, narrow slit or sev- 
eral apertures. So lon the object and screen are 
conjugate there will grays be one image regardless 
of the number of D its position on the screen 
will not chang hether the stop-aperture is in the 
center or fertphery of the stop; and its shape will 


be Pees by the shape of the opening. 
Alay st exactly what occurs in this simple system 


+ 
SS s we are dealing with a limited phase of the subject, the aberra- 


Ny s are considered corrected and will be disregarded. 


ee 
= a 


Ae 
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takes place in an emmetropic eye. If an eye is em- 
metropic or made so with the proper lens, provided 
there is sufficient illumination, neither the size, shape 
nor position of the pupil will interfere with distinct 
vision. 

With a small pupil or stenopeic aperture there 
will be more sharpness of detail with less brightness; 
but when the aperture is very small, even though 
there is adequate illumination, diffraction plays a 
part, which, according to Tscherning, begins to be 
effective when the opening is less than 2 mm. 

Generally speaking, large pupils do not interfere 
with the highest visual acuity. There may be a cer- 
tain amount of glare and aberration, but this is 
overcome to a great extent by the structure of the 


retina. 

Good vision does not depend on the $ of the 
pupil. In man, as in most animals, 1 practically 
round, but in some of the lower rls the varia- 


bility of the shape is no i Genes than the 
size. This feature is someti ade use of to dis- 
tinguish certain e e The pupil 
may vary even in the e animal, for example the 
cat, where it contr Ko a tiny slit in the light and 
dilates to a larg cle in the dark. It is not un- 
common to fid Pormal vision in ragged, irregular 
and displaeg&pupils the result of disease, traumatism 
or oper ” The same may be said of sharply de- 
fine NS Cities in the media when there is not too 


EAN obstruction of light. 


ee 
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Continuing our experiment, move the image- 
screen, which we consider the retina, closer or 
farther away so as to represent hyperopia or myopia. 
Instead of being clear and well defined the image is 
blurred or diffused. If the lens is round the blur- 
image or diffusion-image is round, because the rim 
of the lens acts as a stop-aperture. The size of the 
diffusion-image depends on the size of the stop-aper- 
ture and it increases as the distance of the screen 
or retina from the focal plane increases. In this 
way ametropia may be measured by the size of the 
diffusion-image. 

Let ® (Figure 109) be the principal focal plane 
of the dioptric system and p, between O and O’ in 
the stop S, the exit pupil. The rays AA’ and BB’ 


cross in the principal focal plane to for sharp 
image, and if the retina lies in front of ehind the 
principal focal plane, P” or ©” f xample, the 


image will be larger and diffuse &O 
Designate the size of es image by d, 
the distance from the pupi by F, and the dis- 


tance from ©’ to the reti@ df the ametropic or un- 
accommodated eye by {@It can be easily shown that 


—-—-- ->is 
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If, now, we repeat what was done before with 
various stop-apertures we see that the diffusion- 
image assumes the geometric form of the aperture— 
erect when the image-screen lies within the focal 
plane, as in hyperopia, and inverted when behind. 
This is because the rays cross at the focal plane. If 
we pass a card across the lens the effect on the dif- 
fusion-image is in an opposite direction when the 


S 


eo a 


Figure 109. xO 


distance of the image-screen 1 es than the focal 
distance, and in the same digon when the distance 
is less. This same test g@y be done clinically to de- 
termine the form of ropia, but it must be re- 
membered that in t We the movement is interpreted 
in the opposite its ion. 

Illustrate Gcheiner’s experiment (pages 223-224), 
which is af prmed with a stop ‘having two apertures. 
a SEN be two diffusion-images, as in an ame- 

S r unaccommodated eye and if one hole is 
`Q 
© 
a) 
R% 
S 
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covered, either the image on the same side or that 
on the opposite side will disappear according to the 
position of the image-screen; showing that when 
the image is not in focus its position does change 
with the position of the aperture. This is impor- 
tant, because if the image is formed anywhere ex- 
cept at the fovea the vision is peripheral and indis- 
tinct. Note the linear diffusion-image with a steno- 
peic slit aperture. With a central stop, which sim- 
ulates an opacity in the media, the geometric form 
of the stop will be seen within the diffusion-image. 

In every instance of the foregoing experiment, 
on accurately focusing the system, the image becomes 
clear, regardless of the shape or position of the stop- 
aperture. These observations indicate that all pa- 
tients with ragged, misplaced and SN irregu- 


lar pupils or opacities in the media  sk@uld be most 
carefully refracted, since the conf may be such 
that the vision is lowered out Il proportion to 


the error. O 


EXPERIMENT to shone Diffusion-image of the 
Whole Object. To prgguce the effect for the whole 
object use, instead single illuminated opening, a 
perforated figur NA “cross formed by a number of 
small round (lig s will answer the purpose. With 
this objectzrepeat all that was done before. What 
was seg) en the object was a single opening and 
co Grea a point, now takes place for what may 
be Nsidered each point of the entire object. 


oo 
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Unless the screen lies in the image-plane of the 
dioptric system a diffusion-image will be formed for 
each object-point (Figure 110). These diffusion- 
images will change in size and shape under the same 
conditions as in the previous experiment, and when 
large enough to overlap each other the whole image 
becomes blurred. When a card is passed across the 
lens each image is eclipsed as before, but the general 
contour of the cross remains (Figure 111). In the 
case where a stop-aperture is interposed each blur- 


Figure 110. Figure 111. 


image takes the geometric form of er )-aperture. 
Incidently, it might be said tha erm diffusion- 
circle or blur-circle cannot lene used unless 
the pupil is circular. When@) top having two aper- 
tures is placed before or@pehind the lens, two dif- 
fusion-images will b ed; and, therefore, two 
complete crosses vane imaged on the screen. With 
a central stop aş} diffusion-image will contain a 


geometric fi Ng Oş of this stop (Figure 112). 
Qw, 


Obser as before, on adding the proper cor- 
rectio N, placing the screen in the focal plane, 
a~ point of the whole image becomes clear 
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and distinct. This is the reason why certain opaci- 
ties in the media, which are a great source of an- 
noyance to an ametrope, may be imperceptible to the 
same patient wearing his proper glasses. Only when 
an opacity is close enough to cast a geometric shadow 
on the retina can its form be outlined by the em- 
metropic patient. 

Combine a cylinder with the spherical lens and 
see the effect with the stenopeic slit in astigmatism. 
In astigmatism the image of a point is a line—a dif- 
fusion-image—and the stenopeic slit aperture, when 
placed in the right direction, merely shortens this 
line in one principal meridian. It can produce no 
change in the form of the image in emmetropia. A 
circular stenopeic aperture will answer the same 
purpose, even better than the slit, becaugg@Nneed not 
be so accurately placed. A circular Opeic aper- 
ture will clear the image in any of refractive 
error, provided there is suffici ight, by cutting 
down the size of the diffusi@n\iMage; but where this 
is used as a test for visuakactiity in ametropia better 
vision can nearly sf expected with the proper 


lens. On the other, d, a stenopeic dot aperture 
may improve vist Qi some cases of irregular astig- 
matism or S cornea while lenses do not. 


O 


CHAPTER XHEL 
OPHTHALMOSCOPY.~ RETINOSCOPY. 


The Ophthalmoscope. The ophthalmoscope is an 
instrument which illuminates and at the same time 
enables an observer to examine the interior of the 
eye. 

The invention of the ophthalmoscope is, and 
should be, credited to Helmholtz in 1851; but three 
years previous to this an instrument, based on the 
principle of the modern ophthalmoscope, was made 
and used by Charles Babbage, who failed, however, 
to appreciate its usefulness. 

As early as 1704, Méry observed the ing of 


a cat’s eye by immersing it in water, Zo 
d 


ing the curve of the cornea into a pla Brücke 
all but invented an ophthalmoscope oe he observed 
the fundus through a tube plac) a flame. 
Helmholtz was the first t&gatisfactorily explain 
why, under ordinary condițiðrfs, the fundus cannot 
be seen when it is Thame. He showed that if 
the eye is exactly a modated for any luminous 
point, A, the rayyd&Q)ing the eye in the point A’ will 
travel along the sxe path and be united again in the 
point A, SM ~Object and its retinal image are in 
the positi conjugate foci and the rays proceed- 


ing froQeiiher point are reunited in the other. This 
(235) 
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principle was seen in the conjugate foci of a convex 
lens on page 94. 

Every ray in its exit from the eye follows exactly 
the same course as in its entrance, and the image of 
the retinal image is formed only at the luminous 
object-point. In order to see the returning rays 
from the illuminated fundus the observer must be 


x © 
Figure 113. RX 


placed between the illumir © and the eye to be 
examined, without OD ictie the light from the 
source. We are ay io this by means of the 
ophthalmoscope. Q 

N almoscope consisted of three 


plates of glas ranged as in Figure 113. Part of 
the light fxoyi L passes through the plates, MM, 
but sonreGg reflected into the observed eye, P, and the 
ee see fundus is seen through the plates by the 
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In 1852 Reute used a concave mirror with a clear 
opening in the center through which the observer 
could see the illuminated fundus. Since Helmholtz’s 
time ophthalmoscopes have been made in many dif- 
ferent forms, but they all consist essentially of a mir- 
ror or prism to reflect the light into the observed eye, 
and a mechanical arrangement to bring various lenses 
before the opening. Instead of using a separate light 
the electric ophthalmoscope makes use of the light 
from a small bulb in the handle of the instrument, 
and for this reason is called self-luminous. In the 
non-luminous or reflecting ophthalmoscope a concave 
mirror, of a radius of curvature varying between 10 
and 50 or more centimeters and having a perfora- 
tion of from 2 to 4 millimeters, is used. The most 
popular of these, the Loring ophthalmosco as a 
concave mirror of 40 centimeters radius on ues 
millimeter opening. 


ificial illumi- 
he light affects 


Daylight or any good source o 
nation may be used. The colo 
the fundus picture to a certairex ent and filters may 
be used to give desired color ects or to make arti- 
ficial light resemble daylat: 

Every variety KG ctor has been used: re- 
flecting prisms; A or glass mirrors, convex plane 
and concave; Le 
uses metal reX6etors in a venetian blind arrangement, 
the obse looking through a slit; another has a 
tiny placed in front of the opening so that the 


form of electric ophthalmoscope 
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light is thrown directly into the observed eye. The 
sight hole also varies in size, shape and position. 
The style of the mirror does not affect the refraction 
and the direction of the reflected rays need not be 
considered; they serve merely to light up the fundus. 
The concave mirror gives more intense illumination 
than a plane mirror because it concentrates the light. 


Figure 114. xO 
O% 

K 

O 
On the other hand, £@ycertain purposes, it is an ad- 
vantage to have Bs ght less concentrated, and for 
these a plane We a convex mirror is used. No 
attempt wil made to enumerate or describe the 
great vary of ophthalmoscopes being used at the 
oe 1e, but merely to discuss the theory which 
is tically the same in all. 
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= Direct Method of Ophthalmoscopy. Rays from 
the illuminated fundus, that is the object, are re- 
fracted by the dioptric system of the eye and brought 
to a focus in some point which is conjugate to the 
retina. If the eye being examined is emmetropic the 
rays, after refraction, will be parallel, since for this 
eye the incident rays must be parallel in order to be 
focused on the retina; and if the eye of the observer 
is also emmetropic the emergent parallel rays will in 
turn be focused on his retina. Under these condi- 
tions this is all that is necessary. 

The image seen by the observer (P’, Figure 114) 
will be erect, virtual and enlarged, as are all objects 
which we look at through a lens at whose focus they 
are situated. The rays being parallel, varying the 
distance between P and P’ does not affect ee 

bS 


of the image. 
Magnification of the Image by the De henoa 


For the magnification the image formg@h the retina 
of P’ must be compared to the ars size that the 
object would appear to be if ig, v at the ordinary 
working distance that the E is accustomed to 
use. This distance is ordi@yily from 8 to 10 inches 
or 20 to 25 centimeter 


N 
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In Figure 115 consider a portion of the illumi- 
nated retina, LA, as the object O. All rays from any 
point in this object such as A will, after refraction, 
be parallel to each other. One ray, which is parallel 
to the axis within the eye, will pass through ®, the 
common anterior focal point of the two emmetropic 
eyes. This ray will be parallel to the axis in Pa 
If we designate by F1 the anterior focal distance, 
HỌ, of P, and the anterior focal distance, H’®, of P’, 


Figure. 115." -- Te 


by F2, the two similar triangles C OM EG® give 
us the relation 


The image is the same De as the object. 

If the anterior I distances of the eyes are 
equal and this Ke is approximately 15 mm. the 
formula woul written 


So? 0 eRe els 


bug the observer views the object as mog it 
W Y. a distance of 250 mm.—to L’A’— 


>" 
ao 
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The apparent size of the image is 16.6 times larger 
than the image. The apparent magnification varies, 
of course, with the working distance. If either P 
or P’ are ametropic they must be made emmetropic 
with the proper correcting glass. 

When the observed eye is myopic (Figure 116) 


Figure 116. & 


the emergent rays are converger Sond the image, 
therefore, appears larger than a In 
hyperopia, the emergent rape being divergent, the 
image appears smaller thą t 

In Figure 116 whe È 


at seen in emmetropia. 
ae required concave lens 
is placed before a 1 c eye so that it lies in front 
of its ®, whichassQsually the case in practice, the 
image appears G 

by the lengN{dt it appears to come from A” and 
the imag; parently extends from L’ to A” instead 
of f Y to A’. In a case of curvature myopia 


oS : 


larger. The ray is so refracted 
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the magnification is greater than in axial myopia be- 
cause ® is closer to P and the rays are made more 
divergent by the concave lens. 

In hyperopia the emergent rays are divergent 
and the reverse of what occurs in myopia takes place 
in hyperopia, both with and without a lens. 

In an astigmatic eye the disc is elongated along 
the meridian of greatest refraction, so that, in 
astigmatism with the rule for instance, the greatest 
curvature being in the vertical meridian, the disc 
appears oval with its long axis vertical. 

The field of view depends on the size of the ob- 
served pupil and the distance from the observer. It 
is larger in hyperopia than in emmetropia and smaller 
in myopia. 

Determination of Refraction by Direct 
Method. By this method of ophthalngsebpy, if the 
observer is emmetropic or made soa proper cor- 
rection, and both he and the K ved relax their 
accommodations, the TOn or the weakest 
concave lens with AN details of the retina 
are most clearly seen is tQQtmeasure of the ametropia 
of the observed eye. «p be exact, it is necessary to 
make the prope ance for the position of the 
correcting lens re the eye. 

Astigmatism is measured by choosing a retinal 
vessel ins principal meridian and noting the glass 
necessa ‘to render each clear, the difference be- 
ENS he two powers being the amount of astigma- 


pai 
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tism. It must be remembered that the lens which 
makes a vessel clear in any meridian corrects the 
ametropia in the meridian at right angles to it. 


Indirect Method of Ophthalmoscopy. If a con- 
vex lens is held before an eye whose retina has been 
illuminated, the luminous rays will be focused by 
the lens, and a real, inverted and enlarged image will 
be formed in the air. This method of ophthalmoscopy 
was first used by Reute in 1852. 

If the eye is emmetropic the emergent rays are 


Figure 117. EAN 


parallel and the image is formed at principal 
focus of the lens (Figure 117). xO 

The similar triangles ALK @RVUG (Figure 
117) ‘give the relation K 


O 
I | We 
a 


Suppose a plus COX lens is held before an em- 
metropic eye. iJ lens has a focal distance of 625 


mm. and we ‘Gow that LK is about 15 mm., so that 
625 


© 
we +7 15 
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The magnification is about 4.16. If the lens were 13 
D, a focal distance of 77 mm., the magnification 
would be 745 or about 5. A es lens gives a 
greater magnification, but the field is smaller and the 
image is formed farther away. 

While the magnification is less in the indirect 
than in the direct method, the field is larger. The 
ophthalmoscope must be held farther from P than in 
the direct method so that the aérial image may be 
looked at directly. 

When the lens, G, is held in such a position be- 
fore P that its posterior principal focus coincides 
with ® of the eye the image of the myopic eye will 
be closer than the image of the emmetropic eye and 
that of the hyperopic eye will be farther away, but 
they will all be the same size. Whep lens is 
held closer than this, as is usually the , the image 
of the myopic eye is smaller and we of the hyper- 
opic eye larger than the imag&\ the emmetropic 
eye. In emmetropia the EG mains the same size 
wherever the lens is hel 

In myopia of more th@}*5 D a real inverted aërial 
image will be formed @y the eye without the aid of a 
lens, which may n when the ophthalmoscope is 
held at the f “oe r distance. In high degrees of 
hyperopia—Qwiy wigtrout the aid of a lens—a large, vir- 
tual, ereceimage may be seen. This image is formed 
by ee back the divergent rays. 

rmination of the Refraction by the Indirect 
V&Niod. If the interposing lens has a known focal 
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distance and the emergent rays from the observed eye 
are parallel, an inverted, real image will be formed 
exactly in the focal plane of the lens, at a dis- 
tance F from G. If the rays are convergent as from 
a myopic eye, the image will be closer than F, and 
in a case of hyperopia where the emergent rays are 
divergent, the image will be at a greater distance 
than F of the interposing lens. In this way the P. R. 
of the observed eye may be calculated. The Schmidt- 
Rimpler optometer is based on this principal. 


Retinoscopy. Retinoscopy, skiascopy or the 
shadow test is the most accurate objective method of 
measuring the ocular refraction. It is done by means 
of a retinoscope and by observation of the real or 
apparent movement of the retinal reflex. This method 
of examination has been given many AN the 


term retinoscopy is that by which it is hK&@ “known. 
It was first demonstrated by Cuignet i /3, and de- 
veloped by Parent, who first explai t about eight 


years later. 

A retinoscope is merely a Mane or concave mirror 
with a central perforatio Q 
server views the appar Qy 
the various rotatior E mirror. In retinoscopy, 
as in ophthalmgs@)y, since the illuminated fundus 
is the object, A have only to find the point where 
these rays brought to a focus in order to know 
where {l nctum remotum of the eye under obser- 
vati ocated. 


3S 


rough which the ob- 
ovement of the reflex on 
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It makes no difference whether the mirror is 
plane or concave; it need only be remembered that 


Figure 118. 


Figure 119. 


when apne mirror is tilted the direction of the re- 
fle Kenci! (MR, Figure 118), which is divergent, 
iS own in the same direction. The virtual image 
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of the illuminant, L, by the mirror, M, is directed 
from L’ to L”. With the concave mirror (Figure 
119) the rays from L are focused in a point, L’, be- 
tween the observed and the observer. This is a 
real image and, on tilting the mirror in the direction 
indicated by the dotted line, moves from L’ to L”. 
The rays having crossed at the focus will be moved 
across the fundus in an opposite direction to that 
in which the mirror is rotated. 


Figure 120. & 
xO 
Figure 120 represents a O eye. Rays 
from a point A will, Soe be divergent 


and a virtual, erect imaggywifl be formed at A’ from 
which the emergent rag\yappear to diverge. If the 
luminous object-pot Qi the retina, A, be moved to 
B by rotating one (in the same direction if 
plane and in,atropposite direction if concave), the 


+ 


image bei 92 -tual will move from A’ to B’, the 


same Keon that the object moves. 
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In myopia (Figure 121) the rays from A, on the 
retina, will be focused in A’, a real inverted image, 
and if the object is moved to B, the image, B’, will 
be moved in an opposite direction to that taken by 
the object. 

A and A’ are conjugate foci and we know that | 
if either is moved the other must move according to 
the laws for conjugate foci. In this case A’ is the 
punctum remotum of the eye and if the observer is 


Figure 121. 


placed here, there will be no movengp the fundus 


reflex. This point is called the, @%nt of reversal. 
If the observer is closer to tl than A’ the con- 


jugate point will be behind,tl_yetina as in hyperopia 

and will move in the samen. If the observer 

is farther than A’ there ex will move against as 

in myopia. | 
It can be seen the foregoing that the ob- 

served eye más overcorrected so that its punctum 

remotum, yill coincide with the distance of the ob- 

server. GP this distance is one meter and the ob- 

sere has a myopia of one diopter, there will 

be Q movement because the punctum remotum is 
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situated one meter from this eye. If the eye is em- 
metropic it will be necessary to make an artificial 
myopia of one diopter by adding a plus one diopter 
lens. If the operator sits at a distance of two meters 
it is necessary to add a plus one-half diopter lens; 
if the distance is one-half meter the added lens will 
be plus two diopters. This overcorrection must be 
deducted from the final findings. 

The retina of the observed eye is not seen. The 
examiner’s eye is focused in the pupillary plane and 
the reflex is seen to move across the pupillary space. 

The reflex is dull, small and its movement slow 
in high errors. The brightness, size and rapidity of 
movement increases as the error decreases until, at 


the point of reversal, its movement is infinitely great 
and the reflex fills the whole pupillary Ke It 
is this which accounts for the band of ligfn in the 
direction of the least error, or along Q% axis; if 


astigmatism. xO 
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Aberration 
chromatic, 66, 145, 146 
at a single refracting sur- 
face, 66 
longitudinal, 144 
negative, 145 
of lenses, 144-152 
of the eye, 181 
positive, 145 
spherical, 144, 145 
Absolute index of refraction, 30 
Absorption, 25 
Accommodation, 210-224 
amplitude of, 212, 213 
| at different ages, 219 
li changes in the eye during, 217, 
218 
determination of the amplitude 
j of, 222 
dioptric power of, 214 
in emmetropia, 219 
in hyperopia, 221 
t in myopia, 221 
? measurement of the power of, 
223 
region of, 214 
table of, 220 
Ametropia, 177-179 


Amplitude of accommodati NO 


213 


determination of, K) 


in emmetropia, 219 
in hyperopia, * 


in myopia, 
Angle alpha, 
critica. Ss" 
i of J iðn, 35 
PYY 
PRO) 


Cer nS e eA 


y 


Angle of incidence, 18, 27 
kappa, 180 
of a prism, 34 
of reflection, 18 
of refraction, 27 
Aperture of the 
234 
stenopeic, 229 
Apex of a prism, 34 
Apparent image-point, 20 
pupil, 227 
Aqueous, refractive index of, 153 
Astigmatism 
compound hyperopic, 202 
compound myopic, 200 
corneal, 203, 204 Ņ\ 
focal planes in, 198 AN 
diffusion image in @;: 203 
irregular, 197, 
lenticular, 20 
mixed, 202 
of obj KY eñcits, 148-150, 185 
O) opic image in, 242 
prgacipal meridians in, 202-204 
ar, 197-209 
simple hyperopic, 201 
simple myopic, 199, 200 
Stiirm’s conoid in, 199 
total, 203, 204 
with the rule, 198 


225- 


system, 


_Axial hyperopia, 192 


hyperopia, image in, 196 

myopia, 182 

myopia, image in, 187 
Axis, 15 

of cylinder, 105 

optic, of the eye, 153, 180 
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Axis, principal, of a spherical re- 
fracting surface, 65, 68 
principal, of spherical mirror, 44 
secondary, of a spherical re- 
fracting surface, 65 
of spherical mirror, 44 


Back, focal distance, 138-143 
Base curves, 150 

of a prism, 34 
Beam, 16 
Bench, optical, 50 
Biconcave lens, 136 
Biconvex lens, 120-136 

image formed by, 134, 135 

Birefracting prism, 206 
Blur image, 230 

circle, 233 


Camera obscura, 12 
pinhole, 12 
Cardinal planes 
of a compound system, 86 
of a single refracting surface, 
82, 83, 84 
of a thick lens, 116 
points, changes during accommo- 
dation, 218 
of a biconcave lens, 136 
of a compound system, 86 
of a single refracting surface 


82, 83, 84 
of a thick lens, 116 O 
of Gullstrand’s schematiépye, 
174 oe 
Caustic by a mirror, KOA) 
by a single refr surface, 
6 HO 


Center of curvatuye of a refract- 


ing gfs, 65, 67 


of mir 
of r , 180 
NAS 1 of a biconcave lens, 136 


N: a biconvex lens, 120, 121 


of a meniscus, 137, 138 


Center, optical, of an ophthalmic 
lens, 114 
of the eye, 164 
Centrad, 38 
Changes during accommodation, 
217 
Chief ray, 15 
Chromatic aberration, 145, 146 
at a single refracting sur- 
face, 66 
Combination of infinitely thin 
spherical lenses, 101-105 
Compound hyperopic astigmatism, 
202 
myopic astigmatism, 200 
Cone, 15 
Cornea 
dioptric power of, 155 
focal distance of, 154, 155 
index of refraction of, in 
ophthalmometry, 207 
radius of curvature of, 153, 154 
Corneal astigmatismg 203, 204 
system, 153 


Concave lens, itély thin, 98- 


101 
mirror, Keate foci of, 55 
i scopy, 245, 246 


ipal focus of, 52 
e of image by, 58 
OS lens, 87, 137, 138 
Conjugate focal distance, 32 
foci of a biconvex lens, 132, 
133 
of a concave mirror, 55 
of an infinitely thin concave 
lens, 100 
of an infinitely thin convex 
lens, 94 
of an infinitely thin lens, 92 
of a spherical miror, 45, 46 
of a spherical refracting sur- 
face, 77 
of the eye, 174, 175 
Conjugate focus, 31 
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Construction to trace the path of | Depth, focal, 147 
the rays to the eye, 22 Determination of the amplitude of 
to prove that an object and all accommodation, 222 


its images formed by two | Deviation, angle of, 35 
plane mirrors inclined at | Deviation, minimum, 38 
an angle, lie in a circle, 24 | Diaphragm, 225 


Convergent pencil, 15 Diffuse reflection, 25 
Convex lens, infinitely thin, 94 Diffusion circle, 235 
Convexoconcave lens, 87, 137, 138 Diffusion image in astigmatism, 
Convex mirror, conjugate foci 202, 203 
of, 62 image, size of, 230, 231 
image by, 62 images, 225-234 
principal focus of, 61 line, 203 
Critical angle, 39 Diopter, prism, 38, 110 
Crossed cylinders, 106 Diopters, 17 
focal lines of, 107, 108 of lenses, 89 
Crystalline lens, 155-162 of mirror, 56 
focal intercept of, 161, 162 Dioptric power of accommodation, 
focal power of, 162 214 
focal power of the surface of, power of cornea, 155 
157, 158 power of the eye, 169, 172 
index of refraction of, 156 power of the surfaces of the 
optical center of, 158, 159 crystalline lens, 15%, 158 
principal focal distances of, system of the eye, 15 ai 
160-162 Direct method of op idscopy, 
principal planes of, 160 238-243 
radii of curvature of, 155 determination Yefraction by, 
reduced thickness of, 160 WA) 
relative index of refraction of, image į -242 
157 Dispergf 
Curvature hyperopia, image in, 196 | Dis ag ee 129-131, 171, 172 
myopia, 182 Dist@xtion, 147, 148 
image in, 187 Dkegent pencil, 15 
of image, 146, 147 onders’ optometer, 223 
radii of, of crystalline lens, 15 onders’ reduced eye, 179 


radius of, of cornea, MENG Doubling, 206, 207 


Curve, Tscherning’s, 150, 1 Duane’s table of the power of 
Curved surface, 44 CY accommodation, 220 


Curves, base, 150 

Cylinder i > Effective power, 138-143 
axis of, 105 AN of correcting lens in hyper- 
crossed, 106 O opia, 191, 192 


mixed, O of correcting lens in myopia, 
plane, 183, 184 
Effective rays, 225 


aay lenses, 105-110 
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Electric ophthalmoscope, 237 
Emergent rays, 19 
Emmetropia, 177-179 
accommodation in, 219 
Equivalent power of a lens, 138- 
141 
Experiment 
aberrations, 149 
accommodation, 210 
astigmatism, 197 
combination of infinitely thin 
spherical lenses, 102 
crossed cylinders, 106 
cylinders with axes at oblique 
angles, 109 
emmetropia, 178 
hyperopia, 191 
myopia, 182 
pinhole camera, 12 
Purkinje images, 214 
Scheiner’s, 223 
to prove that the angles of in- 
cidence are equal to the 
angle of refraction, 18 
to find the image of a point in 
a plane mirror, 20 
to locate the image of a point in 
a plane miror by parallax, 
21 
to trace the image of an object 
by locating the images of 
those points which are 
sufficient to determine i 


form, 22 A 
refraction at a plane surf 


refraction through „a of 
glass with p sides, 
28 


path of ray ey through a 
Prise 3 

to trace ND of a ray which 
Hs) een internally re- 


¢ ted in a prism, 40 
Y the principal focus of a 


concave mirror, 52 


Experiment to find the conjugate 

foci of a concave mirror, 
57 

reflection by a concave. mirror 
when the object is at the 
center, 59 

to find the virtual image by a 
concave mirror, 60 

to find the principal focus of a 
convex mirror, 6l 

to find the conjugate foci of a 
convex mirror, 62 

to find the center of curvature 
of a convex mirror, 64 

to find the principal focus of an 
infinitely thin convex lens, 
90 

to find the conjugate foci of an 
infinitely thin convex lens, 
94 

when the conjugate foci of an 
infinitely thin convex lens 


are equal, 94 
the relation o A etween the 
object image formed 


by nitely thin con- 
O 96 

to KO principal focus of an 
uhinitely thin concave lens, 


98 
©) virtual image by an infinitely 


thin convex lens, 98 

to find the conjugate foci of an 
infinitely thin concave lens, 
100 

to find the focal line of a plane 
cylinder, 106 

to show the diffusion image of a 
point, 227 

to show the diffusion image of 
the whole object, 232 

vertex refraction, 142 

Eye, aberrations of, 181 

center of rotation of, 180 

conjugate foci of, 174, 175 
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Eye, dioptric power of, 169, 172 
system of, 153-181 

image formed by, 176, 177 

maximum refractive power of, 
211 

minimum refractive power of, 
211 

nodal points of, 172, 173 

optic axis of, 153, 180 

optical center of, 164 

principal focal distances of, 168- 
172 

principal planes of, 162-164 

principal points of, 162-164 

reduced, 179 

reduced, of Donders, 179 

reduced, of Gullstrand, 179 


Far point, 177 
Fixation, point of, 180 
Focal depth, 147 
distance, back, 138-143 
conjugate, 32 
of a spherical mirror, 45, 46 
front, 138-143 
of. cornea, 154, 155 
principal, of an infinitely thin 
convex lens, 90 
of a single refracting sur- 
face, 67 
of spherical mirror, 45, 46 
of a biconvex lens, 127-128 
of crystalline lens, 160-162 
of a thick lens, 118 
of the eye, 168-172 
intercept, 138-143 
of crystalline lens, 161 
line at a single refyAct 
face, 66 
line of plane cile 


line of “oe 
lines of X cylinders, 107, 
= 198, 199 


sur- 
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Focal plane of a single refracting 
surface, 83 
planes, principal, of a thick lens, 
117 
power of a thick lens, 127-131 
power of the crystalline lens, 162 
power of the surfaces of the 
crystalline lens, 157, 158 
conjugate, of an infinitely 
thin lens, 92 
of the eye, 174, 175 
conjugate, of a spherical 
fracting surface, 77 
principal, of a single refracting 
surface, 66 
principal, of a thick lens, 117 
Focus, 16 
conjugate, 31 
conjugate, of a biconvex lens, 
132-4133 
of a convex mirror, 62 
of an infinitely thin concave 


Foci, 


TOs 


lens, 100 
-of an infinitely thi onvex 
lens, 94 
of a spherical iy" 45, 46 
principal, of initely thin 
concay, 1s, 98 
Of an 1 ely thin convex 


ve mirror, 52 
ig Sn convex mirror, 61 
Q a Paa refracting surface, 
of SE mirror, 45, 48 
Front focal distance, 138-143 


Gaussian space, 119 
Gauss, theory of, 82, 119 
applied to a thick lens, 116 
applied to a number of sur- 
faces, 86 
Graph, Tscherning’s, 150 
Gullstrand’s formula for the diop- 
tric power of two units, 131 


Gullstrand’s formula for the power 
of a lens, 162 
reduced eye, 179 
schematic eye, 217, 218 


Helmholtz’s ophthalmoscope, 236 
Heterogeneous media, 11 
Holloway demonstration eye, 108 
Homogeneous media, 11 
Hyperopia, 190-196 
accommodation in, 221 
axial, 192 
image in, 196 
correcting lens in, 191, 192 
curvature, image in, 196 
due to alteration in index of re- 
fraction, 192 
effect on size of image by cor- 
recting glass in, 195, 196 
image in, 194, 195 
ophthalmoscopic image in, 241, 
244 
punctum remotum in, 190-192 
refractive, 192 
retinoscopic image in, 247 
Hyperopic, 178 


Image 
blur, 230 
by a concave mirror, 58 
by convex mirror, 62 


face, 79, 80 


curvature of, 146, 147 Q 
QDy202, 


diffusion, in astigmati 


203 

effect on size pQ Neren 

glass Gy ia, 188, 189 
in hyperopias=f95, 196 

formed biconvex lens, 134, 


for, Q an infinitely thin con- 


Ņ cave lens, 100 
N onvex lens, 96 


by a spherical refracting ©) 
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Image formed by compound sys- 

tem, 176, 177 

formed by eye, 176, 177 

formed by simple refracting sur- 
face, 74 

in accommodated hyperopic eye, 
222 

in accommodated myopic eye, 221 

in axial myopia, 187 

in axial hyperopia, 196 

in curvature myopia, 187 

hyperopia, 196 

in hyperopia, 194, 195 

in indirect method of ophthal- 
moscopy, 244 

in myopia, 185-187 

magnification of, in direct 
ophthalmoscopy, 239-242 

of pupil, 226 

-point, 19 

apparent, 20 
rays, 19 


real, 20 
retinoscopic, jn ia, 248 
in Ey 7 


ncave mirror, 58 


size of by, 
by a ica refracting sur- 


QX, 79, 80 
vi > 20 


O a concave miror, 60 
by an infinitely thin concave 


lens, 98 
convex lens, 98 
by a spherical refracting sur- 
face, 80, 82 
Images, 19 
diffusion, 225-234 
of Purkinje, 216 
Incidence, angle of, 18, 27 
plane of, 27 
Incident rays, 18, 19, 27 
Index of refraction, 27 
absolute, 30 
of aqueous, 153 


INDEX. 


Index of refraction of cornea in 
ophthalmometry, 207 
of crystalline lens, 156 
relative 28 
of the crystalline lens, 157 
Indicial hyperopia, 192 
myopia, 182 
Indirect method of ophthalmos- 
copy, 243-245 
determination of refraction by, 
244, 245 
image in, 244 
Infinitely thin concave lens, 98-101 
convex lens, 94 
lenses, 88-116 
spherical lenses, 
of, 101-105 
Intercept, focal, 138-143 
of crystalline lens, 
Interval of Stiirm, 108 
Iris, 226 
Irregular astigmatism, 197, 234 
Isotropic media, 11 


combination 


161, 162 


Laws of reflection, 18 
of refraction, 27 
Lens 
biconcave, 136 
biconvex, 120-136 
crystalline, focal power of, 162 
crystalline, optical center of, 158, 
159 
reduced thickness of, 160 
concavoconvex, 87, 137, 138 
convexoconcave, 87, 137, 138 


crystalline, 155-162 
we 


focal intercept of, 161, 


principal focal O- 


160-162 

principal planes 

equivalent powe INÉ 38, 141 

planoconcave © 
planocongêèaN S>, 136 

Lenses, 


J 
Q 
V 
O 


of, 144-152 
17 


f 
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Lenses, infinitely thin, 88-116 
neutralization of, 110 
point, focal, 150 
refractive power of, 89 
thick, 116-152 
toric, 110 
Lenticular astigmatism, 203, 204 
Light, velocity of, 27 
Line, focal, at a single refracting 
surface, 66 
of diffusion, 203 
of vision, 180 
Light pencils, 15 
Light, propagation of, 11 
Longitudinal aberration, 144 
Loring ophthalmoscope, 237 


Marginal rays, 149 
Maximum accommodation, changes 


during, 218 
refractive power of the eye, 211 
Media 
heterogeneous, 11 
homogeneous, 11 A 
isotropic, 11 XO 
opaque, 11 Qy 
optical, 11 & 
ees ©) 
transpar 
vere nts 
oe rincipal, of a cylindrical 
lens, 105 
MO)ians, principal, in astigma- 
tism, 202-204 
Minimum deviation, 38 
refractive power of the eye, 211 
Mires, 205 


Mirror 


caustic by a, 49 

center of, 44 

concave, in retinoscopy, 245, 246 
focal line of, 49 

plane, 19 

plane in retinoscopy, 245, 246 
spherical, 44, 64 
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Mirror, vertex of, 44 
Mixed astigmatism, 202 
cylinder, 106 
Myopia, 182-189 
accommodation in, 221 
axial, 182 
image in, 187 
curvature, 182 
image in, 187 
due to alteration in index of re- 
fraction, 182 
effect on size of image by cor- 
recting glass in, 188, 189 
effective power of correcting 
lens in, 183, 184 
image in, 185-187 
ophthalmoscopic image in, 241, 
242, 244 
punctum remotum in, 183, 184 
retinoscopic image in, 248 
Myopic, 178 


Negative aberration, 145 
Neutralization of lenses, 110 
of prisms, 110 
of thick lenses, 143, 144 
Nodal points of a biconvex lens, 
121 
of the eye, 172, 173 
of a single refracting surface, 
83 
of a thick lens, 116 


Numeration of prisms, 38 O 


Object-point, 19 
rays, 19 
virtual, 193 

Obliquely cros 

110 

Oblique pengils “astigmatism of, 

1R, 185 
Opaque feb ul 
ic lens, power of, 138, 


RN 
143 
eae ae 205-209 


© 
9 
N 109, 
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Ophthalmometry, 204-209 
formula in, 59 
index of refraction of cornea 
in, 207 
Ophthalmoscope, 235-238 
electric, 237 
Helmholtz’s, 236 
Loring, 237 
Reute’s, 237 
self-luminous, 237 
Ophthalmoscopy, 235-245 
determination of refraction by 
direct method, 242 
indirect method, 244, 245 
direct method of, 238-243 
indirect method of, 243-245 
Optic axis of the eye, 153, 180 
Optical bench, 50 
center of a biconcave lens, 136 
of a biconvex lens, 120, 121 
of the crystalline lens, 158, 
159 
of the eye, 164 


of a meniscu Ay 138 
of an oph ic*lens, 114 
media, 1 O) 
opiometge Ners, 223 
ORO mera, 12 
Qx, 14 
ON rays, 119 
e 


ncil, 12 
convergent, 15 
divergent, 15 
Pencils, light, 15 
Penumbra, 14 
Peripheral rays, 149 
Photostat, 226 
Pinhole camera, 12 
Plane cylinder, 106 
focal line of, 106 
focal, in astigmatism, 198, 199 
of a single refracting surface, 
83 


of incidence, 27 
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Plane of refraction, 27 
mirror, 19 
in retinoscopy, 245, 246 
principal, of a single refracting 
surface, 82 
Planes, cardinal, of a sihgle re- 
fracting surface, 82, 83, 
| 84 
of a compound system, 86 
| of a thick lens, 116 
| principal, of a biconvex lens, 
122-127 
| of a thick lens, 117 
of crystalline lens, 160 
of the eye, 162-164 
Plane surfaces, reflection at, 18 
refraction at, 26 
Planoconcave lens, 136 
Planoconvex lens, 89, 136 
Plano cylinder, 105 
Boinn far, 177 
of fixation, 180 
Point-focal lenses, 150 
Point, nodal, of a single refract- 
ing surface, 83 
principal, of a single refracting 
surface, 82 
Points, cardinal, of a single re- 
fracting surface, 82, 83, 
| 84 
| cardinal, of a biconvex lens, 136 
| cardinal of a compound system, 
86 
cardinal, of a thick lens, 116 
nodal, of a biconvex lens, 121 
of a thick lens, 116 
of the eye, 172, 173 


principal, of a “ee 


| 122, 127 
| of a thick lens, 417 
| of crystalline 4a , 160 


of the eye C164 
á Qr 145 
i , of cornea, 155 


Positive t 
ye, 169, 172 


Power, 
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Power, effective, of correcting lens 
in hyperopia, 191, 192 
dioptric, of the surfaces of the 
crystalline lens, 157, 158 
effective, 138-143 
equivalent, of a lens, 138, 141 
focal, of a thick lens, 127-131 
of the crystalline lens, 162 
of accommodation, dioptric, 214 
measurement of, 223 
of an ophthalmic lens, 138-143 
of light wave, 16 
refractive, of lenses, 89 
Presbyopia, 219 
Principal axis of spherical mirror, 
44 
of a spherical refracting sur- 
face, 65, 68 
focal distance of a single re- 
fracting surface, 67 
an infinitely thin convex 
lens, 90 


öf spherical mirro-, 445, 48 

of a biconvex le Nas 

of a thick ler 

of the cryst lens, 
162 


of rak 168-172 


row hick lens, 117 
foci ingle refracting sur- 


ce, 66, 83 
a thick lens, 117 
f an infinitely thin concave 


lens, 98 
focus of a concave mirror, 52 
of a convex mirror, 61 
of an infinitely thin convex 
lens, 90 
of spherical mirror, 45, 48 
meridians in astigmatism, 202- 
204 
of a cylindrical lens, 105 
planes of the crystalline lens, 160 
of the eye, 162-164 


160- 


rs 
BY 


A 
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Principal point of a single refract- 
ing surface, 82 
points of a thick lens, 117 
of a biconvex lens, 122- 
127 
of crystalline lens, 160 
points of the eye, 162-164 
plane of a prism, 34 
of a single refracting surface, 
82 
planes of a biconvex lens, 122- 
127 
of a thick lens, 117 
Prism, principal plane of, 34 
Wollaston, 206 
Prisms, 34 
angle of, 34 
apex of, 34 
base of, 34 
birefracting, 206 
diopter, 38, 110 
numeration of, 38 
neutralization of, 110 
Propagation of light, 11 
Protractor, 115 
Punctum proximum, 211 
remotum, 177, 211, 212, 213 
in hyperopia, 190-192 
in myopia, 183, 184 
Pupil, 226 
apparent, 227 
image of, 226 


of entrance, 227 O 


of exit, 227 


Purkinje images, 216 O 
Radian, 38 V 
Radii of curv; 


A crystalline 
lens, 455 


Radius Qf rvature of cornea, 
om 
Rays, 5 
Ws 
Qs 225 


mergent, 19 


Rays, incident, 18-19, 27 
image, 19 
marginal, 149 
object, 19 
paraxial, 119 
peripheral, 149 
reflected, 18 
Real image, 20 
Reduced eye, 179 
of Donders’, 179 
of Gullstrand, 179 
distance, 129-131, 171, 172 
thickness of crystalline lens, 
160 
Reflected ray, 18 
Refraction 
angle of, 18 
at plane surfaces, 18 
at spherical surfaces, 44-64 
by a spherical surface, 65 
determination by direct method 
of ophthalmoscopy, 242 
determination byindirect method 


of opl oscopy, 244, 
245 -: 

diffuse, Q 

index 7 


lay, as, 27 
Paci of light through a 


plane surface, 30 
lane of, 27 
Scheitel, 138-143 
static, 153, 212 
total, 39-40 
vertex, 138-143 
Refracting surface, center of 
curvature of, 65, 67 
image by, 74 
principal focal distance of, 
67 
principal foci of, 66 
caustic by, 66 
Refractive hyperopia, 192 
power of lenses, 89 
Refractive index of aqueous, 153 


a = n nee 
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Refractive index of crystalline 
lens, 156 
‘of vitreous, 156 
Region of accommodation, 214 
Regular astigmatism, 197-209 
Relative index of refraction, 28 
Remotum, punctum, 177, 211, 212, 
213 
in hyperopia, 19-192 
in myopia, 183, 184 
Rotation, center of, 180 
Reute’s ophthalmoscope, 237 
Retinoscope, 245 
Retinoscopy, 245-249 


Scale, Ziegler, 111 

Scheiner’s experiment, 223, 231, 
232 

Scheitel refraction, 138-143 

Schematic eye, Gullstrand’s, 217, 
218 

Gullstrand’s, cardinal points of, 

174 

Secondary axis of a spherical re- 
fracting surface, 65 

of spherical mirror, 44 

Self-luminous ophthalmoscopes, 
237 

Shadow, geometric, 234 

test, 245-249 

Shadows, 13 

Simple hyperopic astigmatism, 
201 

myopic astigmatism, 199, 200 
Sine condition, 145 


Skiascopy, 245-249 Qy 
Spherical aberration, “AN 
mirrors, 44—64 
center of enake 44 


ia gate foc 


principa 1 distance of, 45, 


Spherical surfaces, reflection at, 
44—64 
refraction by, 65 
Sphero-cylinder, 106 
Static refraction, 153, 212 
Stenopeic aperture, 229 
slit, 234 
Stop, 225 
Stop-aperture, 225 
Stürm, interval of, 108 
Stiirm’s conoid, 108 
in astigmatism, 199 
Surface, curved, 44 
System 
aperture of, 225-234 
compound, image formed by, 176, 
177 
corneal, 153 
dioptric, of the eye, 153-181 


Table of accommodation, 220 
prism values, 39 

Theory of Gauss, 82 
applied to a numbe QYectine 


surfaces, wp 


applied to a thi (“aN 116 
Thick lenses, 2 
neatralizg Gs , 143, 144 


Toric le 
moves Coe atism, 203, 204 


on, 39-40 
chads 3 for demonstrating, 
Or“ 
Transparent media, 11 
Translucent media, 11 
protractor, 115 
Tscherning’s curve, 150, 151 
graph, 150 


Umbra, 14 


Velocity of light, 27 

Vertex of mirror, 44 
refraction, 138-143 

Virtual image, 20 
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Virtual image by a concave mir- 


ror, 60 

by an infinitely thin concave 
lens, 98 

by an infinitely thin convex 
lens, 98 


by a spherical refracting sur- 
face, 80, 82 
object, 193 


Vision, line of, 180 
Vitreous, index of refraction of, 


156 
Wave-fronts, 12 
-surfaces, 12 


Wollaston prism, 206 


Ziegler scale, 111 


